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Abstract 
The modification of materials/surfaces is central to numerous applications ranging 
from opto-electronic devices to biomedical implants and drug delivery. Thus, there exists 
a high motivation for improving the methodologies which can be employed in order to 
modify surfaces in a selective and efficient fashion. One of the major goals of surface 
engineering is to control the chemical composition at the material interface. The fine 
control of the surface properties is a field of intense research as the performance of 
functional materials is strongly related to the processes and interactions that are occurring 
at the materials’ interface.   
In general, the modification or transformation of surfaces can be achieved via 
various chemical and physical methods. Although there is a general need for simple and 
convenient methods to covalently conjugate a molecule of interest to a surface, no single 
coupling strategy has been broadly adopted. Instead, numerous strategies have been 
reported in the literature. In an attempt to develop novel strategies to prepare functional 
materials via surface modifications we examined the potential of a series of 
photochemical and thermal reactions for such purposes. Methods described in this thesis 
are divided into two categories: Photochemical and Thermal. In the first chapter, these 
strategies are introduced. Since many of the modification methods deal with gold 
nanoparticles (AuNPs), a review of their properties and synthesis methods are also 
included. Two chapters (chapter 2 and 3) are devoted to the potential of diazirine for 
photochemical modification of materials and nanomaterials. In chapter 2, diazirine is 
employed to prepare robust hydrophobic cotton and paper surfaces by coating them with 
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a highly fluorinated phosphonium salt using diazirine as the tether. In chapter 3, the same 
photochemical modification strategy is extended to nanomaterials by incorporating 
diazirine onto the surface of water soluble AuNPs. The synthesis and characterization of 
diazirine-AuNPs is described and it is demonstrated that upon irradiation, the photo 
generated carbene can be used for the insertion reaction which leads to interfacially 
modified AuNPs.  
Starting with chapter 4, we focus on “click-type” and more biologically friendly 
reactions for surface modification of water soluble AuNPs. Chapter 4 reports our efforts 
towards modification of small water soluble AuNPs using maleimide interfacial 
functionality. Both 1,3-dipolar cycloaddition and Diels Alder reactions are studied. In 
chapter 5, a novel strategy for modification of AuNPs via strain-promoted alkyne-nitrone 
cycloaddition (SPANC) is introduced. Nitrone functionalized AuNPs are synthesized and 
characterized. It is demonstrated in this chapter that one can take advantage of the nitrone 
moiety for interfacial SPANC (i-SPANC) reaction to prepare 
18
F-radiolabeled AuNPs 
with potential applications in positron emission tomography (PET). In the second part of 
chapter 5, the i-SPANC method is further extended to material chemistry by preparing 
AuNP-carbon nanotube (AuNP-CNT) hybrid nanomaterials. 
Keywords: Surface modification, Gold nanoparticles, Photochemistry, Diazirine, Click-
type reactions, Diels Alder, 1,3-Dipolar cycloaddition, Strain-promoted alkyne-nitrone 
Cycloaddition.  
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Chapter 1  
 
1 Introduction 
1.1 Material Surface Modification 
Before considering specific surface modification techniques, it is useful to 
understand common objectives underlying the approach. Surface modification 
(engineering) techniques are oftentimes at the forefront of developments in biomedical 
and technological applications due to their unique ability to change surface properties 
without altering the bulk material. A surface functionalization technique makes the 
desired physical, thermal, electrical, and mechanical properties attainable. Meanwhile, it 
also serves as one of the most important key steps for further assembly process for the 
construction of novel devices and materials. Therefore, it is not only desirable but also 
vital to modify surface of materials, physically or chemically in order to control the 
subsequent surface interactions and responses which are required for any following 
application.  
Demand in a range of industrial and research settings is increasing the necessity to 
construct material systems with precise control over architecture, functionality, polarity, 
solubility and reactivity. In addition to these materials and structural requirements, 
researchers have sought to prepare these systems via high yielding, simple covalent 
chemistry. Chemical modification techniques strive to alter the surface of the material in 
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order to enhance the functionality of that material. Surface modification and 
functionalization can be applied to a variety of different substrates and nanoparticles for 
their target properties by designing appropriate chemical reactions, resulting in a material 
with an improved surface and mostly unchanged bulk properties. The modification can be 
accomplished using different methods with a view to altering a wide range of 
characteristics including but not limited to: hydrophilicity, surface energy, 
biocompatibility, reactivity, or specific recognition. By incorporating thermally or 
photochemically reactive moieties onto the surface of interest, one can build robust and 
novel architectures for any desired application taking advantage of the interfacial 
reactions occurring on that surface.  
A very familiar and readily observed surface property is controlled by the 
interaction of a liquid, often water, with the surface. Water spreads out evenly on a 
hydrophilic surface, since the interaction between the surface and water is stronger than 
the intermolecular interactions in bulk water. Hydrophobic surfaces, on the other hand, 
weakly attract or even repel water to produce droplets or beads of water on the surface 
due to much weaker surface interactions. An example of how the surface chemistry of a 
thin layer can dramatically alter wettability is shown in Figure  1.1, which shows a silver 
surface coated with highly fluorinated phosphonium salt, lowering the surface energy to 
an extent that the surface becomes superhydrophobic.
1
 In chapter two we will discuss 
how we prepared hydrophobic cotton/paper surfaces using a photo-initiated surface 
modification strategy. 
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Figure ‎1.1. A water droplet on a superhydrophobic silver surface coated with highly fluorinated 
phosphonium salt. Reprinted with permission of reference 1. 
 
There are many examples in the literature of a surface modification designed to 
enable a subsequent interaction between the surface and additional modification. For 
example, a monolayer of an organic compound bonded to a metal may completely change 
the chemical characteristics of the surface, depending on the identity of the terminal 
group of the organic modifier. The molecule can be terminated by a functional group that 
is hydrophilic, acidic, photoreactive, or that has other chemical properties which are quite 
different from those of the original metal. These terminal groups can then be exploited 
for further modification of that material as will be discussed in this dissertation. 
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1.2 Robust and Efficient Methods for Material Surface 
Modification 
1.2.1 Photochemical Reactions 
Photochemistry relies on the absorption of a photon by a molecule. Photochemical 
methods have proven to be advantageous from both chemical and surface engineering 
points of view. From the chemical point of view, the methods provide a clean and easy 
means for immobilization of the desired molecules in which only photons are required as 
a reagent. They give robust surfaces that ensure reproducible results and withstand 
storage. From the surface engineering point of view, the photochemical functionalization 
methods are versatile and thus can be applied to a range of substrate structures, and are 
easily adaptable to many state-of-the-art biotechnologies. Furthermore, surface patterning 
of such surfaces can be achieved by applying a photo-mask. 
Photo-probes are stable reagents that generate highly reactive species when 
activated by UV light, often forming new covalent bonds between the photo-precursor 
and the target molecule/surface. Common photoactivatable functional groups include 
benzophenones,
2-4
 aryl azides,
5-8
 and diazirines,
9-13
 generating reactive intermediates such 
as ketyls, nitrenes, and carbenes respectively. The advantage in using benzophenones is a 
long wavelength of irradiation and their inertness towards the solvent. However, 
prolonged exposure to UV light is required for their photoactivation which can be 
detrimental to some applications. Aryl azides are easily prepared, however the short 
wavelengths at which they are excited may damage biological macromolecules. 
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Since all the photochemical surface modification methods utilized in this dissertation 
are exclusive to a subgroup of diazirine photo-precursors, this family is discussed further 
in the following section, while more details on the other photochemical approaches are 
excluded. 
1.2.1.1 Diazirine and their Corresponding Photo-Induced 
Insertion/Addition Reactions  
Diazirines are strained three-membered heterocyclic ring systems that contain an 
sp
3
 hybridized carbon atom bonded to an azo group. Diazirines readily form carbene 
species upon liberating molecular nitrogen, on exposure to stimuli such as light 
14
 or 
heat.
15
 The synthesis and characterization of diazirine,
16
 dialkyl diazirines,
17,18
 alkyl 
diazirines,
18
 and 3-halodiazirines
19
 were first reported in the 1960s. However, the 
potential of diazirines as photoprobes was first revealed much later in the 1970s by 
Jeremy Knowles.
20-22
 The potential of early diazirine compounds as synthetic reagents is 
rather limited. 3-Halodiazirines have an explosive nature (3-chloro-3-phenyldiazirine is 
more shock sensitive than nitroglycerine), while carbenes formed from dialkyl diazirines 
and alkyl 3H-diazirines have a tendency to self-react in both intramolecular and 
intermolecular reactions.
23,24
 Intramolecular carbene reactions such as 1,2-hydride and 
1,3- hydride migrations have been reported to afford alkenes and cyclopropanes.
24
 The 
formation of an azine from the corresponding diazirine via intermolecular carbene attack 
has also been reported.
23
 
Generally, upon photoirradiation diazirines release N2 and generate carbenes, which 
are highly reactive species with lifetimes in the range of nanoseconds.
25
 In addition to 
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generating carbenes, diazirines undergo isomerization generating linear diazo 
compounds. However, longer irradiation of the diazo isomer will lead to carbene 
generation. Out of the two reactive species formed upon diazirine photolysis, singlet 
carbene and diazo compounds, the insertion or addition reaction of the carbene forms  
covalent crosslinks to a variety of functionalities including O-H, N-H, C-H and C=C 
bonds (Scheme  1.1).
26-28
 
 
 
Scheme ‎1.1. Simplified scheme for the photoreaction of diazirines. 
 
In 1980, Brunner et al. 
29
 introduced a trifluoromethyl group to the carbon of an 
aromatic diazirine and this discovery broadened their use as photophores. Today, the 
most widely used diazirine derivative is the 3-aryl-3-(trifluoromethyl)diazirine family. It 
has been reported that  3-(trifluoromethyl)-3-phenyldiazirine is stable in 1M HCl or 
NaOH solution for at least 2 h, and is also stable at 75 C for at least 30 min if kept in 
darkness.
29
 Moreover, because of strong carbon fluorine bonds in the CF3 group,
26
 
rearrangement resulting from fluoride migration to the sp
2
 carbon does not occur leaving 
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a stable carbene for insertion into O-H, N-H and C-H bonds or addition to C=C 
bonds.
27,28
 
The desirable properties of 3-aryl-3-(trifluoromethyl)diazirine as carbene 
precursors has led to their successful application for photoaffinity labeling, used to study 
ligand-protein complexes, and other biological applications.
27,30,31
 Besides the widely 
explored photoaffinity labeling, diazirines have found applications in surface 
modification and the synthesis of functional materials. For example, Blencowe et al. 
covalently modified nylon-6,6 powder by photolysis of a fluorenone-derived 3-
(trifluoromethyl)diazirine compound.
14
 The generated carbene is believed to have 
inserted into the N-H and C-H bonds, and evidence that suggests the successful covalent 
modification of nylon-6,6 with the fluorenone moiety was obtained using UV-vis 
spectroscopy. Brooks et al. functionalized glassy carbon with biotin via photolysis of the 
biotin-derived 3-(trifluoromethyl)diazirine. They also performed the functionalization 
using an analogous nitrene approach.
32
 The covalently attached biotin was labeled with a 
fluorophore, and fluorescence imaging was employed to visualize the extent of surface 
coverage. The carbene (diazirine) approach demonstrated increased loading of biotin 
moieties onto the substrate surface compared to the analogous nitrene, which was unable 
to insert into C-H bonds. Workentin et al. have utilized the photochemistry of 3-aryl-3-
(trifluoromethyl)diazirine modified AuNPs to prepare AuNP hybrids with a suite of 
materials including carbon nanotubes (CNTs), graphene, micro-diamond and glass via 
insertion into the native C=C or C-H, or O-H functionalities inherently present on the 
surface of these materials.
11-13
 They demonstrated that the reactive carbene formed 
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covalent bonds with these materials simply and efficiently, modifying them with AuNPs 
(Scheme  1.2). 
 
 
Scheme ‎1.2. Cartoon representation of preparing AuNP-hybrid materials using diazirine as a 
tether. Reproduced with permission of reference 11-13. 
 
1.2.2 Thermal Reactions 
All the thermal reactions utilized in this dissertation, fall into the category of click-
type reactions. With respect to the modification of surfaces, click chemistry represents a 
strategy for the efficient coupling of chemical species to surfaces, thus allowing complex 
molecular architectures to be generated on materials. Examples of click reactions on 
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polymers and solid surfaces have been thoroughly reviewed.
33,34
 Numerous strategies are 
available to exploit these reactions enabling surface scientists to benefit from its high 
selectivity, high yields and remarkable tolerances to varying reaction conditions. 
The click concept was first reported in 2001 by Sharpless 
35
 with the objective to 
establish an ideal set of efficient and highly selective reactions in synthetic chemistry. 
There are a number of criteria for reactions to fulfill in order to be labeled “click 
reactions” including : modular, wide in scope, high yielding, generating only inoffensive 
byproducts, stereospecific, simple to perform, insensitive to water and oxygen, based on 
readily available starting materials and reagents,  run in a mild or easily removable 
solvent and easy to purify. Common examples of click-type reactions are:  
1) Cycloaddition reactions, especially Diels-Alder and [3+2] cycloadditions.
36-38
 
2) Nucleophilic substitution chemistry, particularly ring-opening reactions of strained 
heterocycles such as epoxides and aziridines.
39-43
 
 3) Carbonyl chemistry of non-aldol type reactions, such as the formation of ureas, 
thioureas, aromatic heterocycles, oxime ethers, hydrazones as well as amides.
44
 
4) Addition reactions to carbon-carbon multiple bonds, especially oxidative cases such as 
epoxidation,
45-47
 dihydroxylation,
48
 or aziridination,
49
 but also Michael addition reaction. 
Click chemistry is widely employed to achieve efficient surface modifications of 
materials ranging from gold and silica nanoparticles, polymeric films and microspheres to 
fullerenes as well as CNTs. In addition, functionalization of surfaces with biomolecules is 
also possible via click chemistry. Out of the various reactions which fall under the click 
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criteria, cycloaddition reactions are one of the more common strategies used for surface 
modifications. The reason for the synthetic preference of pericyclic reactions over 
alternative click concepts may lie in the fact that alternative reactions do not reach the 
level of yield, simplicity and ease of product isolation that are often desired.  In the 
following section, Diels-Alder reaction and [3+2] cycloadditions including 1,3-dipolar 
cycloadditions and strain-promoted cycloadditions, which are utilized in the current 
research work are discussed in more detail. 
1.2.2.1 Diels-Alder Reaction  
In the Diels-Alder reaction a six-membered ring is formed through fusion of a four-
π component, usually a diene and a two-π component, which is commonly referred to as 
the dienophile. Ever since the Diels-Alder reaction was first reported by Otto Diels and 
Kurt Alder in 1928,
50
 [4+2] cycloaddition chemistry has become one of the most 
powerful and widely used synthetic strategies in organic chemistry for its ability to 
construct two σ-bonds (carbon-carbon or carbon-heteroatom) simultaneously for 
preparation of six-membered rings.
51,52
 Diels Alder cycloaddition reaction forms not only 
carbon–carbon bonds but also heteroatom–heteroatom bonds (hetero-Diels–Alder). These 
bonds are thermally reversible at elevated temperatures.   
The Diels Alder reaction is a concerted pericyclic reaction and its characteristics 
can be explained with the frontier molecular orbital (FMO) theory.
53
 However, 
indications for a diradical or di-ion mechanism can only be found in certain cases.
54,55
 
Noteworthy is that the concertedness does not imply that in the activated complex the 
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extent of formation of the two new σ-bonds is necessarily the same. Asymmetric 
substitution patterns on the diene and/or dienophile can lead to an asynchronous 
activation process.
56
 
Diels-Alder reactions can be divided into normal electron demand and inverse 
electron demand additions. Normal electron demand Diels-Alder reactions are promoted 
by electron donating substituents on the diene and electron withdrawing substituents on 
the dienophile. In contrast, inverse electron demand reactions are accelerated by electron 
withdrawing substituents on the diene and electron donating ones on the dienophile. The 
way the substituents affect the rate of the reaction can be rationalized with the aid of the 
FMO theory. The FMO theory states that a reaction between two compounds is 
controlled by the efficiency with which the molecular orbitals of the individual reaction 
partners interact. The interaction is most efficient for those orbitals that overlap best and 
are closest in energy. The FMO theory further assumes that the reactivity is completely 
determined by interactions of the electrons that are highest in energy of one of the 
reaction partners i.e. those in the Highest Occupied Molecular Orbital (HOMO) with the 
Lowest Unoccupied Molecular Orbital (LUMO) of the other partner. Applied to the 
Diels-Alder reactions, two modes of interaction are possible: the reaction can be 
controlled by the interaction of the HOMOdiene and the LUMOdienophile (normal electron 
demand), or by the interaction between the LUMOdiene and the HOMOdienophile (inverse 
electron demand), as illustrated in Figure  1.2, in the former case, a reduction of the 
HOMOdiene and the LUMOdienophile energy gap can be realized by either raising the energy 
of the HOMO of the diene by introducing electron donating substituents or lowering the 
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energy of the LUMO of the dienophile by the introduction of electron withdrawing 
substituents.  
 
 
Figure ‎1.2. Orbital correlation diagram illustrating the distinction between normal electron 
demand (left side) and inverse electron demand (right side) Diels-Alder reactions. 
 
Due to the concerted mechanism, Diels Alder reactions are stereospecific, i.e. the 
stereochemical conformation (E or Z) of the diene and the dienophile are fully retained in 
the configuration of the product. In addition, Diels Alder reactions show a high 
regioselectivity towards the ortho and para substituted product over the meta product. 
The regiochemical preferences of Diels Alder reactions can be determined by analyzing 
the FMO coefficients of the atoms forming the σ-bonds.57 
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  Another form of selectivity can arise when substituted dienes and dienophiles that 
are employed in the Diels-Alder reaction. Two different cycloadducts denoted as endo 
and exo can form (Figure  1.3). Under the usual conditions their ratio is kinetically 
controlled. Alder and Stein already discerned that there usually exists a preference for 
formation of the endo isomer.
58
 Indeed, there are only very few examples of Diels-Alder 
reactions where the exo isomer is the major product.
59,60
 The interactions underlying this 
behavior have been subject of intensive research. The stereoselectivity is often explained 
with secondary orbital interactions but can also be explained with solvent effects, steric 
interactions, hydrogen bonds, electrostatic forces, and other effects.
61
 
 
 
Figure ‎1.3. Structures of endo and exo Diels-Alder products from reacting furan and a modified 
maleimide molecule. 
 
Because of their tolerance towards a wide range of unprotected chemical groups, 
Diels Alder cycloadditions have proven to be very successful in attaching proteins and 
cell-adhesion ligands and, consequently, attachment of cells.
62,63
 In a very elegant 
approach reported by Mrksich’s group, hydroquinone groups on self-assembled 
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monolayers (SAMs) were electrochemically oxidized into quinone groups that, in turn, 
underwent Diels–Alder reaction.64 The unique aspect of this approach is that these 
systems can react on demand, as they are turned “on” through the initial electrochemical 
reaction step. Alternatively, monolayers presenting nitroveratryloxycarbonyl (NVOC)-
protected hydroquinones were photochemically cleaved to reveal the hydroquinone 
groups (Figure  1.4).
65
 These activated groups were reversibly oxidized to the 
corresponding benzoquinones, which were then used to immobilize diene-functionalized 
ligands (such as cell adhesion peptides) via Diels–Alder reaction. Another approach used 
a Diels–Alder reaction for the immobilization of unsaturated DNA strands onto 
maleimide-coated AuNPs.
66
 Self-assembled nanoparticles can be further used for 
biosensor applications or supramolecular assemblies. 
 
 
Figure ‎1.4. Strategy for the immobilization of ligands to SAMs via Diels–Alder cycloaddition. 
Cells attached to the patterned regions modified with RGD is shown on the right. Reproduced 
with permission from reference 65. 
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Diels–Alder cycloaddition reaction between anthracene and maleimide derivatives 
has proven to produce excellent results in the formation of dendrimers and dendronized 
polymers in a modular approach. First, McElhanon and co-workers reported the use of 
thermally reversible furan–maleimide Diels Alder cycloaddition reactions for a 
convergent approach towards benzyl aryl ether dendrimers up to the third generation.
67
 
This work was the first example of a new class of thermally reversible dendrimers taking 
advantage of the Diels-Alder/retro Diels-Alder approach. Later on, the same group 
reported a similar system with a bismaleimide core and fourth generation benzyl aryl 
ether based dendrons that contained furan moieties at their focal point to access the first 
fourth generation dendrimers through Diels Alder.
68
 Diels Alder reactions between 
maleimide and anthracene functionalities were further employed for polymer end-group 
69
 and backbone functionalization 
70,71
 as well as for the construction of complex 
macromolecular architectures.
72-74
  Selective modification of carbon black,
75
 
fullurenes,
76,77
 and CNTs 
78-80
 have been achieved using Diels Alder strategy. For 
example, O-quinodimethane was directly coupled to single-walled carbon nanotubes 
(SWCNTs) with the help of microwave irradiation.
81
 These reactions open up 
possibilities for enhancing the solubility of CNTs, as needed in several technological 
applications.
81
 
1.2.2.2 1,3-Dipolar Cycloaddition Reactions  
Within the class of cycloaddition reactions, 1,3-dipolar cycloaddition reaction is 
widely used as a high yielding, efficient, regio- and stereoselective method for the 
synthesis of a variety of valuable five-membered heterocycles. 1,3-dipolar cycloaddition 
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reaction, where two organic molecules, a 1,3-dipole  and a dipolarophile  combine to give 
a five-membered heterocycle, is one of the typical reactions in synthetic organic 
chemistry. Starting from relatively simple and easily accessible molecules, this reaction 
can offer a wide variety of simple as well as complex heterocyclic compounds.  The 1,3-
dipolar cycloaddition has evolved for more than 100 years, and a variety of different 1,3- 
dipoles have been discovered. The history of 1,3-dipoles starts with Curtius, who 
discovered diazoacetic ester in 1883.
82
 Five years later Buchner from Curtius’ group 
studied the reactions of diazoacetic ester with α,β-unsaturated esters and he described the 
first 1,3-dipolar cycloaddition reaction. Buchner discovered that when methyl 
diazoacetate reacts with methyl acrylate the product isolated is 2-pyrazoline which is 
formed after the rearrangement of the initially formed unstable 1-pyrazoline.
83
 Shortly 
after, Beckmann discovered azomethine oxides/nitrones.
84
 Nitrile oxides were discovered 
by Werner and Buss a few years after.
85
 At the same time, 1,3-dipolar cycloaddition 
reaction of diazoalkanes 
86
 and alkyl azides 
87
 were also reported. The synthetic scope of 
1,3-dipolar cycloaddition and its application in organic chemistry was first  established 
by Huisgen in the 1960s.
38
 He published a large number of research articles on 1,3-
dipolar cycloaddition and gradually it became one of the standard methods for the 
preparation of five membered heterocycles. He classified 1,3-dipolar cycloaddition 
reactions and formulated the basic definitions.
38
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Figure ‎1.5. A) Allyl anion type and B) Propargyl/Allenyl anion type 1,3-dipoles. 
 
The 1,3-dipole, also known as a ylide, is defined by Huisgen as an a-b-c structure, 
with a positive and a negative charge distributed over three atoms and has four π 
electrons.
38
 Huisgen categorized 1,3-dipoles into two general classes namely, allyl anion 
type and propargyl/allenyl anion type 1,3-dipoles. The allyl anion type 1,3-dipoles are 
characterized by the presence of four π electrons in three parallel p-orbitals perpendicular 
to the plane of 1,3-dipole and possessing a bent structure. Two resonance structures in 
which three centers have an electron octet, and two structures in which a or c has an 
electron sextet, can be drawn. The central atom b can be nitrogen, oxygen or sulfur 
(Figure  1.5, A). The propargyl/allenyl anion type has an extra π bond in the plane 
perpendicular to allyl anion type molecular orbital and the former orbital is for that 
reason not directly involved in resonance structures as well as reactions of 1,3-dipoles. 
Usually, the occurrence of this extra π bond makes 1,3-dipoles of propargyl/allenyl anion 
type linear. Generally, the central atom b is limited to nitrogen (Figure  1.5, B). Examples 
of both types of 1,3-dipoles are displayed in Figure  1.6. 
Allyl anion type Propargyl/Allenyl
anion type
A B
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Figure ‎1.6. Classification of 1,3-dipoles consisting of carbon, nitrogen, and oxygen centers. 
 
The mechanism of 1,3-dipolar cycloaddition has been investigated intensively. The 
first mechanistic study was reported by Huisgen in 1963.
88
 Whether the reaction is 
concerted or stepwise is a fundamental question in 1,3-dipolar cycloaddition chemistry.
89-
91
 The conclusion of all the debates to date is that, these reactions are concerted but not 
synchronous.
92
 This means the degree to which each of the two new bonds formed in the 
transition state is not the same i.e. making of one σ bond may lag behind that of second σ 
bond in the transition state.
92
 According to quantum chemical calculations, concerted 1,3-
dipolar cycloaddition reaction proceeds via “early transition state”.38 Thus the transition 
state occurs early along the reaction coordinate of energy profile diagram. This has the 
effect of making the transition state “reactant like”, while a late transition state is referred 
to as “product like”. The transition state of the concerted 1,3-dipolar cycloaddition 
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reaction is controlled by the FMO of the substrates. The LUMOdipole can interact with the 
HOMOalkene and the HOMOdipole with the LUMOalkene. According to the Sustmann 
classification, 1,3-dipolar cycloadditions can be placed in one of three groups with 
respect to the dominant HOMO-LUMO interaction.
93
 The classification depends on the 
number and the nature of the heteroatoms, and on the electron donor/withdrawal 
properties of any substituents on the reactants.
94,95
 The classifications, represented in 
Figure  1.7, are as follows: in type-I, 1,3-dipolar cycloaddition reaction, the dominant 
FMO interaction is that of HOMOdiploe with LUMOdipolarophile. Generally this type of 1,3-
dipolar cycloaddition reaction is referred to as “normal electron demand” or “HOMO 
controlled” reactions. Cycloadditions of 1,3-dipoles of type-I are accelerated by the 
presence of electron donating groups (edg) in 1,3-dipole. On the other hand, electron 
withdrawing groups (ewg) in the dipolarophile will lower the energy of the LUMO 
towards the HOMO of the dipole. In both cases HOMO-LUMO separation of the 
predominant interaction is diminished and the reaction proceeds faster. In type-II, since 
FMO energies of the dipole and alkene are similar, both HOMO-LUMO interactions are 
to be considered. Adding either an edg or ewg to the dipole or dipolarophile can 
accelerate these reactions. 1,3-Dipolar cycloaddition reaction of type-III is dominated by 
interaction between LUMOdipole and HOMOdipolarophile. The term ‘inverse electron 
demand” is used to refer to this type of 1,3-dipolar cycloaddition. This is also known as 
“LUMO controlled” reactions. Since the dominant interaction is between LUMOdipole and 
HOMOdipolarophile, edgs on dipolarophile and ewgs on dipole will accelerate the reaction. 
1,3-dipolar cycloaddition reactions of type I are typical for substrates such as azomethine 
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ylides and azomethine imines, while reactions of nitrones are normally classified as type 
II. Examples of type III interactions are 1,3-dipolar cycloaddition reactions of ozone and 
nitrous oxide. However, the introduction of electron-donating or electron-withdrawing 
substituents on the dipole or the alkene can alter the relative FMO energies, and therefore 
the reaction type dramatically. 
 
 
Figure ‎1.7. The HOMO-LUMO interaction between 1,3-dipole (a-b-c) and dipolarophile (e-f) 
depends on the orbital energies of the 1,3-dipole: ______ strong and - - - weak interactions. 
 
Similar to Diels Alder reactions, formation of endo and exo isomers is possible in 
the reaction between an alkene and a 1,3-dipole. However, since the secondary orbital 
interactions are very weak compared to Diels Alder reaction, the endo/exo selectivity in 
1,3-dipolar cycloaddition reaction is mainly controlled by the structure of substrates and 
the presence of catalysts.
96
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Nowadays, 1,3-dipolar cycloaddition is extensively employed for the construction 
of heterocycles containing simple to complex ring systems.
97
 The simplicity of reaction, 
possibility of creating polyfunctional structures in a fairly small molecular skeleton, high 
stereochemical control, and superior predictability of its regiochemistry have contributed 
to the popularity of 1,3-dipolar cycloaddition reaction in organic synthesis.
98-103
 The 
pretty complex heterocycles thus obtained can be readily transformed into a variety of 
other cyclic as well as acyclic functionalized organic molecules. 1,3-Dipolar 
cycloaddition reaction is for that reason generally described as the single most important 
method for the construction of five membered heterocyclic rings in the field of synthetic 
organic chemistry.
97
 
Besides the usefulness of 1,3-dipolar cycloadditions in synthetic organic chemistry, 
some of the major reported applications of 1,3-dipolar cycloaddition chemistry include 
polymer modification. Ritter and Vretik reported on a step growth mechanism via 1,3-
dipolar cycloaddition reactions between bifunctional nitrones and bis-maleimide 
compounds forming polymers that are inter-connected by isoxazolidine rings (Scheme 
 1.3). These step-growth polymers were described to have good performance for coating 
formation on glass surfaces.
104
 The main feature of the above work is undoubtedly the 
successful cycloaddition reaction involving nitrones on a macromolecular scale. It is 
worth noting that an analogous 1,3-dipolar cycloaddition reaction with nitrile oxides was 
also developed as a tool for end group polymer modifications.
105,106 
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Scheme ‎1.3. Step growth polymerization of a bis-nitrone with a bis-maleimide via a 1,3-dipolar 
cycloaddition reaction as reported by Vretik and Ritter. Reproduced with permission from 
reference 104. 
 
 Alternatively 1,3-dipolar cycloadditions can be utilized for material surface 
modification. Prato and co-workers modified CNTs via the in situ generation of 
azomethine ylides from the condensation of aldehydes and amino acids to form five-
membered pyrrolidine tethers.
107,108
 A similar method was used by Callegari et al. to 
immobilize ferrocenyl moieties onto the surface of SWCNTs in the construction of an 
amperometric biosensor.
109
 Other 1,3-dipolar cycloadditions using ozone as the reactive 
species have also been used to modify the surface of CNTs.
110,111
 1,3-dipolar 
cycloaddition was also employed to immobilize azide-functionalized sugars (mannose, 
lactose, and galactose) onto alkyne-terminated SAMs on gold. It was found that these 
carbohydrate-based sensors maintained their specificity towards the corresponding 
proteins, which could lead to potential applications in high-throughput characterization of 
carbohydrate–protein interactions.112 
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1.2.2.3 Strain-Promoted Cycloaddition of 1,3-Dipoles to Alkynes 
The [3+2] cycloaddition of azides with alkenes and alkynes was first reported at the 
end of 19
th
 century.
87
 However, the high temperatures or pressures required promoting 
cycloaddition of azides and most dipolarophiles are not compatible with living 
systems.
113
 Sharpless 
114
 and Meldal
115
 independently demonstrated that the 1,3-dipolar 
cycloaddition of azides with terminal alkynes to produce 1,4-disubstituted 1,2,3-triazoles 
could be effectively catalyzed by Cu(I). This reaction, now termed the copper-catalyzed 
azide-alkyne 1,3-dipolar cycloaddition (CuAAC), takes advantage of Cu-acetylide 
formation to activate terminal alkynes toward reaction with azides. The result of Cu(I) 
catalysis is a reaction that proceeds roughly seven orders of magnitude faster than the 
uncatalyzed cycloaddition,
116
 and the reaction can be further accelerated by the use of 
specific ligands for Cu(I).
117,118
 The CuAAC reaction has all the properties of a click-type 
reaction (including efficiency, simplicity, and selectivity), as defined by Sharpless and 
coworkers.
35
 In fact, it has become the quintessential click reaction and is often referred 
to simply as “click chemistry”. CuAAC has gained widespread use in organic synthesis, 
polymer chemistry, materials chemistry, and chemical biology.
33
  
In order to extend use of click chemistry to in vivo studies there was a need to 
overcome the detrimental effects of metal catalyst by introducing an alternative, more 
biologically friendly method to lower the activation energy of the azide-alkyne 
cycloaddition. Bertozzi et al. introduced an intriguing strategy by using ring strain to 
activate the alkyne for the azide-alkyne cycloadditions.
119
 It had been previously shown 
that the smallest stable cycloalkyne (i.e. cyclooctyne) reacts rapidly with azides to form a 
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single triazole product.
120
 This reactivity is attributed to the destabilization of the triple 
bond due to bond angle distortion. Compared to the ideal acetylene angle of 180º, alkyne 
incorporated into an eight-membered ring has a bond angle estimated to be ~160º.
121
 
Such deformation accounts for a significant amount of ring strain energy of 18 kcal mol
-1
 
122
 or up to 19.9 kcal mol
-1 
according to more recent studies.
123
 This ring strain energy is 
partially released upon reaction.  
The first account of strain-promoted azide-alkyne cycloaddition (SPAAC) was 
reported by Bertozzi et al. on model reactions of biotinylated cyclooctyne with organic 
azides.
119
 The second-order rate constant of model cycloaddition with benzyl azide was 
found to be 2.4 × 10
-3
 M
-1
s
-1
.
124
 The cyclooctyne was also successfully applied in a 
biological labelling experiment, where cyclooctyne-biotin derivative was used to detect 
azides that had been metabolically incorporated into cell-surface glycans. 
Over the years, a host of cyclooctyne derivatives have been evaluated in terms of 
their ability to undergo copper-free click chemistry reactions. The purpose of these 
studies is often focused on enhancing the rate of the cycloaddition reaction by making 
structural modifications to the cyclooctyne species (Figure  1.8). For example, it has been 
discovered that introducing one or more electron-withdrawing substituents (e.g. fluorine) 
in close proximity to the alkyne group leads to a substantial increase of rates of reaction. 
The difluorinated cyclooctyne (DIFO) 
125
 reacts with azides approximately sixty times 
faster than unsubstituted cyclooctyne. Other modifications, such as one 
126
 or two 
127,128
 
adjacent aryl rings have also been found to improve reaction rates yet further. Boons and 
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coworkers reported that derivatives of 4-dibenzocyclooctynol (DIBO) and related 
analogues (DIBO1 and DIBO2) rapidly react with azido-containing saccharides and 
amino acids and can be employed for visualizing metabolically labeled glycans of living 
cells.
128
 Furthermore, Delft et al. developed a novel cyclooctyne,  bicyclononyne (BCN), 
in which the alkyne additional ring strain is derived from fusion of a cyclopropane ring in 
the backbone of the cyclooctyne as opposed to fused phenyl rings in DIBO. The rate 
constant for reaction of BCN with benzyl azide (k2 = 1.9-2.9 × 10
-1
 M
-1
s
-1
) is comparable 
to that obtained for analogous reaction with DIFO.
129
 Since the introduction of SPAAC in 
2004, the structural features contributing to enhanced reactivity of the cyclooctyne 
reagents were all combined in the design of the most reactive cyclooctyne: 
biarylazacyclooctynone (BARAC).
127
 The synthesis of BARAC has the advantages of 
being modular and scalable. The second-order rate constant for the reaction of BARAC 
with benzyl azide (k2 = 0.96 M
-1
s
-1
) is 800-fold greater than that of unsubstituted 
cyclooctyne.
127
 However, a recent study has found evidence that BARAC itself is prone 
to rearrangement yielding tetracyclic products.
130
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Figure ‎1.8. Examples of cyclootyne derivatives investigated for strain-promoted cycloadditions. 
 
The main incentive to increase the SPAAC reaction rate has been to lower the 
concentrations of the labelling reagents for bioorthogonal reactions, thereby lowering the 
risk of potential toxicity, interference with cellular processes and residual fluorescence or 
non-specific labelling. Until recently, most efforts have focused on increasing the 
reactivity of the cyclooctyne reagent. However, the scope of metal free click reactions 
was further expanded when Pezacki and co-workers reported the first strain-promoted 
alkyne-nitrone cycloaddition (SPANC) in 2010.
131
 Nitrones have been used in place of 
azides as partners in SPANC reaction as illustrated in Scheme  1.4 for applications such as 
protein modification.  SPANC reactions represent versatile tools for chemical biology 
and define their utility by the observation of rapid reaction kinetics (k2 up to 60 M 
-1
 s 
-1
), 
biological stability of reagents and products, compatibility with living systems, and 
systematic tunability through substitution of groups on both the carbon and nitrogen 
atoms of the nitrone dipole. 
 
DIFO BCN BARAC
R1=R2=R3=H (DIBO)
R1=R3=H, R2=OH (DIBO1)
R1=R3=OBu, R2=OH (DIBO2)
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Scheme ‎1.4. Schematic representation of two strain-promoted cycloaddition reactions: SPAAC 
and SPANC. 
 
Recently, it was reported that nitrones are rapid alternatives to azides in SPANC 
reactions with dibenzocyclooctyne, proceeding up to 25 times faster than similar 
reactions of azides.
131
 Pezacki et al. demonstrated that nitrones bearing electron-
withdrawing groups at the α-C position react faster than the unsubstituted parent nitrone, 
or those bearing electron-donating groups. They also recently expanded on the cyclic 
nitrone scope and kinetics of doubly-strained SPANC and have successfully applied this 
modular labelling strategy in efficient labelling of cancer cell surface proteins with live-
cell imaging applications.
132
   
The bioorthogonal SPANC reaction has applications that range from protein 
labeling 
128,133,134
 and cell surface 
132
 to material science.
135
 Classic methods of achieving 
protein modification, which most commonly target the cysteine thiol or the lysine 
primary amine group, can lead to protein dimerization, poor solubility or loss of protein 
function depending on the location of the modified amino acid.
136
 Several methods exist 
for site-selective metabolic incorporation of azide-functionalized amino acids into 
SPAAC SPANC
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proteins, however, they require both genetic engineering and manipulation of 
translational machinery.
137
 By contrast, N-terminal serine is the sole requirement for 
nitrone conversion and subsequent functionalization and labeling of peptides or proteins 
through SPANC.
128,132-134
 In 2010, Van Delft and co-workers reported the SPANC 
between DIBO and nitrone to generate the N-alkylated isoxazoline. The reaction 
proceeded 32 times faster than the SPAAC reaction with DIBO. They demonstrated the 
utility of SPANC in protein modification using chemokine interleukin-8 (IL-8) with a 
naturally occurring N-terminal serine residue. When this serine was converted to Nitrone, 
N-terminal peptide or protein labeling was made possible via SPANC by incubation with 
the tagged cyclooctyne. Mass spectrometry analysis revealed a single product with mass 
corresponding to the isoxazoline-IL-8 conjugate (Scheme  1.5).
128
  
 
 
Scheme ‎1.5. N-terminal serine functionalization of IL-8 by SPANC. Reproduced with permission 
of reference 128. 
 
Sodium 
periodate
DIBO
SPANC
1. p-methoxybenzenethiol
2. N-methylhydroxylamine,
p-anisidine
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Colombo et al. showed that cyclooctyne functionalized iron oxide nanoparticles, 
which have both fluorescence and superparamagnetic properties, can be conjugated to 
properly folded anti-HER2 antibodies containing an N-terminal nitrone via SPANC.
133
  
These targeted multifunctional nanoparticles were found to localize only to HER2 
positive breast cancer cells, highlighting the utility of SPANC towards the development 
of new targeted nanoparticles.  
In addition to azides and nitrones, other 1,3-dipoles have emerged such as diazo-
compounds and nitrile oxides for use in strain-promoted cycloadditions with 
cyclooctynes.
138
 
 
1.3 Gold Nanoparticles (AuNPs) 
1.3.1 AuNPs and their properties 
Gold nanoparticles (AuNPs) are defined as a stable colloidal solution of gold atom 
clusters in a range 1-100 nm. The AuNPs are comprised of a metal core and an organic 
ligand shell (protecting group, e. g. thiolate ligand) that stabilizes the metal core and 
prevents aggregation of nanoparticles (Figure  1.9, A). The oxidation state of the gold 
atoms in the core is 0. However, similar to bulk gold, the AuNP gold core doesn’t oxidize 
at ambient conditions, making the AuNPs one of the most stable metal nanoparticles. 
AuNPs have long been utilized for decorative and medical purposes, but not much was 
done to develop the chemistry of gold until the 19
th
 century due to inertness and high cost 
   30 
 
of gold. Faraday was the first to demonstrate detailed experiments with gold colloids and 
thin films.
139
 He prepared his colloidal gold by reducing an aqueous solution of gold salt, 
AuCl4, with phosphorus in carbon disulfide. About 150 years later, transmission electron 
microscopy (TEM) images taken of Faraday’s gold solution revealed that he had actually 
synthesized gold nanoparticles with an average size of 6 ± 2 nm (Figure  1.9, B).
140
 
 
 
Figure ‎1.9. A) Cartoon representation of a thiolate-stabilized AuNP, B) High-resolution 
transmission electron microscopy (HRTEM) image of an individual thiolate-protected gold 
particle. Reprinted with permission of reference 140. 
 
AuNPs have recently become a fundamental building block in nanotechnology due 
to their unique properties, such as their high surface area to volume ratio, size and shape 
dependent optical features, stability, and facile surface chemistry.
141
 One of the features 
that brought gold to the forefront of research is surface Plasmon resonance (SPR).
142,143
  
The “Surface Plasmonic” theory explains that the six surface free electrons present in the 
conduction band of AuNPs oscillate back and forth, creating a Plasmon band with an 
1 nm
A B
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absorption peak at 530-540 nm, when hit by the electromagnetic field of the incoming 
light. Physical properties of AuNPs depend on the size and shape of the particles itself, 
particle-particle distance, the nature of a colloidal stabilizer as well as dielectric constant 
of the surrounding matter. By increasing the size of spherical AuNPs the Plasmon 
absorption red shift is increasing also, changing the color from red to purple.
144
 
Surface of AuNPs can be derivatized with thiols, phosphines, and amines from both 
aqueous and organic solvents,
141
 allowing a range of chemistries to be utilized in particle 
modification. The AuNP surface enables one to create tailorable, multivalent interfaces, 
directing the particle to interact with its environment in a highly programmable manner in 
three dimensions. Additional functionality can be imparted to these particles when they 
are modified with ligands such as small molecules, polymers, or biomolecules through 
interfacial reactions. Modified AuNPs can be utilized in many applications, including 
detection,
145
 therapeutics,
146
 and imaging.
147
 
Another important feature of AuNPs is their biocompatibility. AuNPs have been 
used for imaging biological structures and as well as contrast agents for labelling 
biomolecules or selected structures in living cells and organisms.
148-150
 Furthermore, 
AuNPs can be modified by conjugation with various drug molecules to interact with 
target cells to carry out a specific function, such as drug delivery.
151,152
 
1.3.2 Synthesis of AuNPs 
AuNP synthesis in the liquid phase usually begins with reduction of the gold salt 
leading to nucleation and formation of nanoparticles. To terminate the growth of the 
   32 
 
particles and prevent their aggregation, the particles need to be coated with a stabilizing 
layer. Many methods have been developed for the synthesis of AuNPs, but one of the 
most common methods is the Turkevich method.
153
 The method pioneered by J. 
Turkevich et al. in 1951 and refined by Frens in 1970s,
154
  is a rapid and reliable method, 
using chloroauric acid (HAuCl4) as the precursor and trisodium citrate dihydrate as both 
the reducing agent and capping ligand (Scheme  1.6). After the two are mixed, the 
nucleation phase can be visually followed by the change in color to a dark blue after 30 
seconds of boiling, and then the growth phase can be seen by the change in color to a 
bright red after 90 seconds. This method usually produces AuNPs of around 20 nm 
diameter.
153
 The size distribution of AuNPs could be controlled between 16 to 147 nm by 
varying the temperature, the ratio of gold to citrate, and the order of addition of the 
reagents.
154
 Despite being the most common method of producing AuNPs, citrate-
stabilized nanoparticles are disadvantageous for several reasons. First, they cannot be 
isolated from solution, making it difficult to store or study them in the solid state. Second, 
their stability with changes in pH or ionic strength is minimal. Finally, and most 
importantly, their functionalization, either through ligand exchange or derivatization of 
carboxylic acids in the ligand shell, is extremely limited. To partially overcome these 
shortcomings, Dahl et al. has recently developed diafiltration methods that may allow for 
ligand exchange with thio1s, thus extending the utility of nanoparticles prepared via the 
citrate route.
155
 
 
   33 
 
 
Scheme ‎1.6. Cartoon representation of AuNPs using Turkevich method. 
 
Brust, Schiffrin and others have devised a direct synthesis method for the 
preparation of modified AuNPs.
156
 In the Brust-Schiffrin two-phase synthesis (Scheme 
 1.7), aqueous AuCl4 is first transferred into the organic phase (toluene) by the phase 
transfer agent (tetraoctylammonium bromide, TOAB). Upon addition of a thiol to the 
organic phase, the gold (III) salt is reduced to the gold (I)-thiol polymeric form, 
[(Au(I)SR)n], accompanied by a decolorization of the organic phase. The disappearance 
of the gold (III) orange color after addition of thiol indicates the occurrence of the 
reaction between gold (III) and thiol in accordance with the formation of the polymeric 
structure. It is noteworthy that the gold(I)-thiol polymeric structures are known and the 
synthesis and characterization of them have been reported.
157,158
 Lastly, addition of a 
reducing agent (NaBH4) converts the gold(I)-thiol polymer to the AuNPs where the 
oxidation state of gold is (0). Though in theory, 1/4 equivalents of the borohydride are 
needed to reduce the Au(I) species to Au(0), a large excess of sodium borohydride, 
usually > 10 equivalent, is required to generate small and narrow dispersed AuNPs. 
Experiments using less sodium borohydride carried out by Murray's group yield large 
sized clusters and more insoluble aggregated clusters.
159
 The resulting AuNPs are in the 
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size range of ~1 – 4 nm, depending on the reaction conditions.156 The size of the AuNPs 
can be tuned by varying the molar ratio of thiol to gold, the temperature, and the rate of 
reductant addition. For example, a large excess of thiol results in smaller nanoparticles,
160
 
cooler reaction temperatures produce more monodispersed nanoparticles,
159,161
  and faster 
addition of the reducing agent 
161 
or quenching the reaction immediately after reduction 
162 
result in the generation of smaller nanoparticles. The two-phase Brust-Schiffrin 
method have been extended to the use of various alkanethiols (different chain 
lengths),
163,164
 dialkyl disulfides,
165,166
 thiol-terminated dendrimers 
167
 and polyethylene 
glycol thiolate (PEG-SH) 
168,169
 for the preparation of AuNPs. 
 
 
Scheme ‎1.7. Cartoon representation of Brust-Schiffrin two-phase synthesis of AuNPs. 
 
  A number of modifications have been made to the Brust-Schiffrin approach. The 
two-phase method has been extended to one phase method trying to avoid the phase 
transfer reagent 
170,171 
or use other kinds of protecting ligands, such as amines,
172
 or 
   35 
 
phosphines 
173
 The synthesis of monodispersed AuNPs was demonstrated by Peng and 
co-workers.
174
 When aliphatic amines were utilized as protecting ligands, monodispersed 
amine-capped AuNPs (3.2 nm) were produced. Subsequently, amines were replaced by 
thiolate ligands to produce thiol protected AuNPs. The rationale suggested for such 
behavior is that thiols typically cause slow activity of the clusters present in the 
nucleation step, leading to the formation of polydispersed AuNPs due to the stronger 
binding of thiol compared to amine to gold. Also, Digestive ripening, i.e. heating a 
colloidal suspension near the boiling point in the presence of alkanethiols, significantly 
reduced the average particle size and polydispersity in a convenient and efficient way. 
This technique also led to the formation of 2D and 3D superlattices.
175
  
The Brust-Schiffrin method provides very robust AuNPs that are stable and can be 
repeatedly isolated and re-dissolved in commonly used organic solvents without 
irreversible aggregation or dissociation, which is crucial for performing post-synthesis 
modifications on AuNPs.
141
 
1.3.3 Approaches towards Preparation of Functionalized AuNPs 
The properties of AuNPs are determined by their core size as well as the 
surrounding ligands. Development of AuNPs that incorporate complex ligands or 
molecules, e.g. functional AuNPs, needed for interfacial interaction (chemically or 
physically) with other molecules or substrates is crucial for the expansion of their 
application in areas such as catalysis, biological and chemical sensors. There are three 
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main strategies for the preparation of functionalized AuNPs, which include direct 
synthesis, ligand exchange reactions, and post-synthesis interfacial reactions on AuNPs. 
The functional diversity of AuNPs can be extended through the formation of mixed 
monolayer protected AuNPs that can be synthesized directly or through post 
functionalization of AuNPs. Because the preparation of AuNPs requires the use of 
sodium borohydride, substrates containing functional groups that are easily reduced are 
incompatible with this procedure. A versatile method for the creation of mixed 
monolayer protected AuNPs is the ligand exchange reaction developed by Murray 
(Scheme  1.8).
176
 In the ligand exchange reaction the bonded thiolate ligands on the 
originally synthesized AuNPs are readily exchanged with another ligand, simply by 
exposing the AuNPs to a large excess of the new thiol. The resulting AuNPs usually 
contain a mixture of both alkanethiolate and functionalized thiolate ligands. Mechanistic 
studies suggest that the ligand exchange reaction follows a second order-associative (SN2-
type) pathway in which the rate-determining step depends on the concentration of both 
the incoming ligand and AuNPs.
177,178
 However, the overall rate and extent of the 
exchange reaction are affected most by the core size,
178
 the electronic charge of the 
AuNP,
179
 and the nature of the incoming ligands, in particular the steric effects. 
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Scheme ‎1.8. Functionalization of AuNP by a ligand exchange reaction where resulting AuNP 
contains a mixture of initial thiol groups and functionalized (incoming) thiols. 
 
Various functional AuNPs have been prepared via the direct synthesis or ligand 
exchange reactions. However, the synthesis of these thiols can often be tedious and time 
consuming, or even challenging at times. Therefore, there remains a demand for an 
alternative approach for AuNP construction. Such methods can include functionalization 
of AuNPs through an organic reaction of a terminal functional group exposed on the 
surface of template nanoparticles with various reactants. Using AuNP as a 
macromolecular-type reagent and carrying out organic reactions on the surface 
monolayer containing suitable functionality has been shown as a promising method to 
incorporate new functionality onto AuNPs (Scheme  1.9) 
176,180
 Post synthesis interfacial 
chemical reactions enable the introduction of functional ligands onto the gold core, which 
are not compatible with thiols or could not be prepared using the direct synthesis or 
ligand exchange methods. Interfacial reactions can be used as a synthetic platform that 
allows for simple post-modification of AuNPs. This is a desirable strategy for introducing 
functionality to the AuNP surface while circumventing the need to synthesize the 
Functional group
Ligand exchange
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nanoparticles and new ligands from the ground up. In addition, the vast majority of 
interfacial interactions on AuNPs can directly be involved in the application of the 
nanoparticle itself. For example, nanoparticles used for bio-sensors,
181
 drug delivery,
182
 
and optical sensors 
183
 all require some form of an interfacial interactions.  
 
 
Scheme ‎1.9. Cartoon representation of interfacial reaction on AuNPs to introduce new 
functionality (R). 
 
1.3.4 Photochemical and Thermal Interfacial Reactions on the Surface 
of AuNPs 
The chemical modification of AuNPs by interfacial reactions has been the subject 
of numerous studies and it was pursued immediately after the synthesis of the first thiol-
protected AuNPs. Brust et al. demonstrated the reactivity of p-mercaptophenol-protected 
AuNPs toward esterification of the surface bound phenolic hydroxyl group.
171
 Since 
Brust’s report, a variety of thermal and photochemical reactions have been explored to 
modify the surface of AuNPs. Murray's group studied the nucleophilic substitution of 
Interfacial reaction
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bromide with various alkylamines on bromoalkanethiol modified AuNPs.
184
 Shon and co-
workers studied the nucleophilic addition of C60 and 4-aminothiophenol/hexanethiolate-
protected AuNPs.
185
 This methodology has been further applied to the layer-by-layer 
assembly of the C60-adduct AuNPs film on solid surfaces.
186
 Michael addition, is one of 
the most powerful and useful bond-forming reactions. Simplicity and high yield of this 
type of reaction make it an ideal candidate for the AuNP modification. Chechik et al. 
investigated Michael addition reactions between acrylate-modified AuNPs and dendritic 
polyamine.
187
 According to their reports these Michael addition reactions on the surface 
of AuNPs were slightly retarded compared to a similar solution phase Michael addition 
between a model acrylate and polyamine. Furthermore, the reaction was accompanied by 
a side trans-esterification reaction of acrylate-modified AuNPs with the solvent (i.e. 
methanol). Workentin et al. utilized Michael addition reactions of amines to modify 
AuNPs. According to their reports these interfacial Michael additions are rather sluggish 
at ambient temperature and pressure, often taking days to weeks to go to completion. The 
rates and efficacies of the these same reactions are drastically increased at hyperbaric 
pressure conditions (11000 atm) with no observed adverse effect to the AuNPs 
stability.
188
 
Cycloaddition reactions are very important tools for organic chemists to generate 
rings. Azide modified AuNPs have been utilized for the preparation of triazole modified 
AuNPs through cycloaddition reaction with a variety of alkynes. Williams and co-
workers reported the modification of azide terminated AuNPs with a variety of activated 
alkynes without catalyst.
189
 However, according to their results long reaction times (1 - 4 
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days) were required and the yield of the desired products was extremely low (less than 
13% after a 60h reaction in dioxane, depending on the alkynes and could only be slightly 
improved by altering solvent). Brennan et al. attached an acetylene-functionalized lipase 
onto azide functionalized AuNPs. Their approach suffered from long reaction times (4 
days). Meanwhile, a large excess of catalyst and extensive purification were required.
190
 
Workentin and co-workers studied the reactivity of the organic solvent-soluble 
maleimide-AuNPs towards the 1,3-dipolar cycloaddition and Diels-Alder reaction.
191,192
 
These reactions at the AuNP interface were found to be effective, but with slow kinetics 
and dominated by steric effects. They addressed this issue by employing very high 
pressure reaction conditions. Using triethylene glycol monomethyl ether modified AuNPs 
as building blocks, Workentin et al. prepared a series of clickable AuNPs bearing azides, 
dibenzocyclooctyne (DBCO) or 2-(diphenylphosphino)benzoate moieties through  ligand 
exchange reaction. The azide modified AuNPs were utilized for the preparation of CNT-
AuNP hybrid nanomaterials, by reacting the azide functionality attached to the gold core 
with the DBCO modified CNTs.
193
 The reactivity of the DBCO-AuNPs towards the 
interfacial SPAAC reaction was demonstrated by using azide-decorated polymersomes as 
bioorthogonal reaction partner.
194
 To showcase the potential utility of the 2-
(diphenylphosphino)benzoate functionalized AuNPs in bioorganic chemistry, an AuNP-
bioconjugate was prepared by reacting the AuNPs with a novel azide-labeled CRGDK 
peptide through Staudinger ligation.
195
 Some examples of the thermal interfacial 
reactions on the surface of AuNPs are presented in Scheme  1.10. 
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Scheme ‎1.10. Examples of thermal interfacial reactions on AuNPs; left to right: esterification, 
SN2 substitution, amination reaction of C60, Michael addition, maleimide Michael addition, Diels 
Alder, 1,3-dipolar cycloaddition, SPAAC reaction of DBCO, and Staudinger ligation.  
 
Photochemical reactions of suitably functionalized AuNPs can be used to 
chemically modify nanoparticles. Utilizing photochemical methods simply eliminates the 
need for the destructive reaction conditions for AuNPs (high temperature and catalyst) 
and AuNPs can be chemically modified under mild photoreaction conditions at ambient 
(or lower) temperatures. Workentin et al. have done extensive research on photo-initiated 
chemical reactions to probe interfacial reactivity of organic substrates anchored to AuNPs 
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and to modify their surfaces. Ortho-methylbenzophenone modified AuNPs were 
irradiated in the presence of a series of dienophiles.
196
 Upon irradiation, photogenerated 
dienols were formed (via γ-hydrogen abstraction) on the AuNPs, followed by a Diels 
Alder reaction between the attached dienol and the dienophile. They also reported on 
photochemical interfacial reactions of diazirine functionalized AuNPs that upon 
irradiation yield reactive carbenes at the AuNP interface. The subsequent insertion 
reactions of the photo-generated carbenes with trapping reagents such as alcohols, 
amines, and alkenes afforded AuNPs modified with new functionality.
28
 They then 
exploited the same photochemical approach to prepare AuNP-hybrid nanomaterial using 
diazirine as a tether.
11-13
 They later showed that photo-generation of a nitrene on the aryl 
azide modified AuNPs in the presence of a series of nanomaterials drives the formation 
of covalently assembled AuNP-based hybrid materials via nitrene insertion reactions. 
Using this method, hybrids including AuNP-CNT, AuNP-graphene, and AuNP-diamond 
were prepared.
197
 
1.3.5 Characterization of AuNPs 
Once synthesized, it is important to characterize the AuNPs. Imaging of AuNPs is, 
perhaps, the most powerful characterization tool available. Visualization of AuNPs can 
be accomplished by either scanning electron microscopy (SEM) 
198
 or transmission 
electron microscopy (TEM). The importance of these imaging techniques comes from the 
ability to examine multiple characteristics simultaneously. Through examination of 
images obtained from microscopic techniques information can be obtained about the 
structure of the nanoparticles 
200
 as well as the shape and size distribution of the AuNPs. 
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The solubility of AuNPs prepared via the Brust-Schiffrin method in a variety of 
solvents provides the opportunity to employ traditional analytical techniques to 
characterize the protecting ligands anchored to the nanoparticles. Nuclear magnetic 
resonance (NMR) spectroscopy is one of the strongest tools that offers significant 
information about the composition and structure of the ligands attached onto the AuNPs. 
Figure  1.10, A displays an example (from our own work) of a typical 
1
H NMR spectrum 
of 2.3 nm functionalized AuNPs (diazirine modified AuNPs). As can be seen, the signals 
in the 
1
H NMR spectrum of functionalized AuNPs are broad; the broadness of the peaks 
corresponding to ligands attached onto the AuNPs is due to the inhomogeneous AuNP 
surfaces and Au-S bonding sites, leading to more diverse chemical shifts. Furthermore, 
slow rotation of thiolates bound to the AuNP core causes a very fast spin-spin relaxation 
(T2), which is another factor contributing to this broadening.
201
 The 
1
H NMR 
spectroscopy is also used to investigate the purity of AuNPs. The presence of the free 
non-bound ligands appears as sharp 
1
H NMR signals, while bound ligands (on AuNPs) 
will appear at the same chemical shift as their non-bound counterparts, however the 
signals will become much broader as illustrated in Figure  1.10. 
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Figure ‎1.10. 1H NMR spectra of A) diazirine functionalized AuNPs and B) diazirine-EG3-SH. * is 
the residual solvent peak. 
 
As discussed previously, the awareness of the existence of AuNPs came from the 
characteristic red to purple color. This leads to UV-visible spectroscopy being a very 
useful characterization tool for AuNPs. The presence of a strong absorption peak, the PR, 
in the UV-visible spectrum in the range of 500-600 nm is considered diagnostic of the 
presence of AuNPs larger than 5 nm. One can also use the size and shape of this PR peak 
to determine the approximate size of the AuNPs in a given medium.
202
 The peak 
absorbance wavelength increases with particle diameter and for uneven shaped particles 
such as gold nanourchins, the absorbance spectrum shifts significantly into the far-red 
region of the spectrum when compared to a spherical particle of the same diameter. 
9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)
A
B
*
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However, the PR is not observed for the smaller AuNPs with a core diameter less than ~5 
nm because of the large band gap. 
After determination of the gold core size, number of ligands with respect to the 
number of gold atoms on the AuNPs, could be easily derived from thermogravimetric 
analysis (TGA).
159
 TGA measures the changes in the weight of a sample as a function of 
temperature and/or time under a controlled atmosphere (e. g. nitrogen). As the 
temperature increases, the organic ligands are cleaved from the gold core surface and 
vaporized. The corresponding mass loss accompanying this stage indicates the percentage 
of organic ligands contained on the surface of the AuNPs. 
X-ray Photoelectron Spectroscopy (XPS) is a quantitative technique that 
characterizes surfaces by atomic composition. The spectroscopic technique works by 
bombarding the surface with a beam of X-rays and measuring the kinetic energy of 
electrons that escape from the top 1 to 10 nm of the material being analyzed. XPS has 
been utilized to characterize AuNPs.
203
 A typical XPS spectrum of AuNPs shows peaks 
corresponding to Au (4f), (4d) and (4p), and S (2s). Sulfur to gold atomic ratio of 
functionalized gold nanoparticles can be calculated using the Au (4f) and S (2s) peak 
areas. Furthermore, XPS can provide detail about the various chemical environments 
analyzed for a particular element present on the surface of AuNPs by exhibiting 
characteristic peaks. 
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1.4 Thesis objectives 
In recent years, surface and interface reactions have dramatically affected device 
fabrication and material design. Novel surface functionalization techniques with diverse 
chemical approaches make the desired physical, thermal, electrical, and mechanical 
properties attainable. Surface modification and functionalization techniques can be 
applied to a variety of different substrates and nanomaterials to tailor their target 
properties by designing appropriate chemical reactions. This serves as a crucial step for 
their subsequent application ranging from electronics to nanomedicine. 
In the past, the Workentin group has demonstrated the utility of various thermal and 
photochemical reactions for modification of organic solvent soluble AuNPs, as well as 
their usefulness for preparation of hybrid materials. This thesis aims to extend these 
methodologies for surface modification of materials and to demonstrate their subsequent 
applications.  
Chapters 2 and 3 will present our efforts towards utilizing diazirine photo-precursor 
as a tether to modify different surfaces. In chapter 2, we describe the synthesis of 3-aryl-
3-(trifluoromethyl) diazirine functionalized highly fluorinated phosphonium salts 
(HFPS).  We further demonstrated their utility as photoinduced carbene precursors for 
covalent attachment of the HFPS onto cotton/paper to impart hydrophobicity to these 
surfaces (Scheme  1.11). Additionally we show that the chemically grafted hydrophobic 
coating exhibit high durability towards wash cycles and sonication in organic solvents. 
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Also, because of the mode of activation to covalently tether the hydrophobic coating, 
photo-patterning is made possible when employing a photo-mask. 
 
 
Scheme ‎1.11. Illustration of the photochemical approach used for surface modification of cotton 
and paper to prepare hydrophobic surfaces. 
 
AuNPs continue to be an active area of research due to their tunable physical and 
electronic properties.
141
 Their application in biomedicine, biotechnology, electronics or 
catalysis 
204,205
 is induced by the characteristics they possess. For the applied use of 
AuNPs, the nanoparticle’s surface needs to be protected by a monolayer of organic 
ligands with an appropriate functionality. Stabilization of AuNPs by an organic 
monolayer of choice is not only important for their long term stability, but has also a 
major effect on their subsequent application. Therefore, developing techniques for 
manufacturing nanoparticles bearing specific moieties or functionalities can be a key 
component of all AuNP applications. In this dissertation we demonstrate how versatile 
photochemical and thermal reactive groups at the interface of AuNPs can be exploited as 
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a means for their further modification, preparation of AuNP-conjugates or hybrid 
materials. 
As mentioned previously, AuNPs are sensitive to high temperature or the use of 
many catalysts. Given that photochemical reactions usually take place under mild 
reaction conditions, without the need for high temperature or catalyst, they open a new 
avenue for AuNP modification. Workentin group has previously reported on 
photochemical interfacial reactions of organic solvent-soluble diazirine functionalized 
AuNPs that upon irradiation yield reactive carbenes at the AuNP monolayer. The 
subsequent insertion reactions of the photogenerated carbenes with trapping reagents 
such as alcohols, amines, and alkenes afforded AuNPs modified with new functionality.
28
 
Chapter 3 reports on the synthesis of novel water- and organic solvent-soluble diazirine 
functionalized AuNPs and their subsequent photochemical modification (Scheme  1.12). 
The unique feature of these AuNPs is their amphiphilic character, which expands their 
potential applications. 
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Scheme ‎1.12. Cartoon representation of photo-induced carbene generation and reactivity of 
diazirine functionalized AuNPs for interfacial modification. 
 
Chapter 4 and 5 depict the use of “click-type” reactions for the modification of 
water soluble AuNPs. One of the more attractive functional groups that we successfully 
introduced onto the AuNP organic shell is the maleimide moiety. A special feature of 
maleimide reactivity is the double activation of the C=C bond which makes them 
excellent dipolarophile partners. They are widely known to readily react with a variety of 
dienes and 1,3- dipoles leading to various carbo- and heterocyclic products.  In chapter 4, 
we demonstrate that by incorporating a maleimide moiety onto the surface of water- 
soluble AuNPs, it is possible to modify their surfaces cleanly and efficiently using Diels 
Alder and 1,3-dipolar cycloaddition reactions (Scheme  1.13). Their versatility of these 
nanoparticles is highlighted by their solubility in a host of organic solvents as well as 
water and by their ability to quickly undergo three different click reactions under mild 
conditions, while preserving their size-dependent properties. This ensures an effective, 
efficient, and safe way to create new nanomaterials and AuNP-bioconjugates. 
Au Au
=
=
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Scheme ‎1.13. Schematic representation of water soluble maleimide functionalize AuNPs and 
their interfacial reactions: Diels Alder (blue), and 1,3-dipolar cycloaddition (green). 
 
Strained cyclooctynes react with nitrones under ambient conditions without need 
for catalysis. The development and applications of SPANC reactions have brought about 
new tools for rapid and specific functionalization of biomolecules as well as materials. In 
chapter 5, we describe a method for the synthesis of AuNPs that incorporate an interfacial 
nitrone moiety that can be used as a reactive template and undergo an interfacial SPANC 
reaction (i-SPAAC) with strained alkyne reagents (Scheme  1.14). The fast kinetic, mild 
reaction conditions and very high yields of SPANC allow us to prepare 
18
F-labeled 
AuNPs with potential applications in PET imaging. This methodology can be extended to 
materials science. To showcase the utility of SPANC for material surface modification, 
we prepared CNT-AuNP hybrids through the interfacial reaction of nitrone modified 
AuNPs and BCN functionalized CNTs. 
 
Au Au
Polar Solvent
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Scheme ‎1.14. Schematic illustration of i-SPANC reaction using water-soluble AuNPs and a 
strained alkyne modified substrate.  
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Chapter 2  
 
2 Photoinduced Carbene Generation from Diazirine 
Modified Task Specific Phosphonium Salts to 
Prepare Robust Hydrophobic Coatings 
 
 This chapter has been published as a full paper. The corresponding reference is: 
Sara Ghiassian, Hossein Ismaili, Brett D. W. Lubbock, Jonathan W. Dube, Paul J. 
Ragogna, and Mark S. Workentin, Langmuir, 2012, 28, 12326-12333. 
 Hossein Ismaili and Brett D. W. Lubbock were involved in the initiation of the 
project. Jonothan W. Dube helped setting up the reactions with phosphines in the 
glove box. All the experimental work reported in chapter 2 was carried out by 
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initially drafted by Sara Ghiassian and Dr. Workentin and Dr. Ragogna provided 
assistance with editing and final preparation. 
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2.1 Introduction 
There is a host of potential applications of hydrophobic coatings in such things as 
microfluidic 
1
 or biomedical devices,
2
 self-cleaning and impermeable textiles,
3,4
 as well 
as in the printing and packaging industries.
5
 Recent successful efforts to prepare 
superhydrophobic surfaces have involved the incorporation of nanoparticles (to provide 
uniform surface roughness) or using a mechanically roughened rigid surface prior to 
deposition of the hydrophobic layer.
6,7 
The chemical modification of surfaces with low-
surface-energy functionalities, especially fluorine-containing hydrocarbons or 
perfluorosilanes, is an efficient and practical method to fabricate a hydrophobic surface. 
In addition to the more common use of small fluorinated molecules for preparing 
coatings, fluorinated silica nanoparticles have also been used to produce rough 
superhydrophobic surfaces.
8,9,10 
However, in many cases the deposited layer on the 
surface should have a thickness equal or higher than the particle diameter and having 
such a thick layer of coating can change the intrinsic properties of the substrate and 
damage its transparency.
 
Highly fluorinated phosphonium salts (HFPS) have demonstrated promise in a wide 
variety of fields over the last several years 
11
 in areas such as surfactants,
12
 solvents for 
phase transfer catalysis,
13
 but only more recently have we demonstrated it as an effective 
medium for imparting hydrophobic properties to various metal surfaces such as Au and 
Ag.
14,15
 The advantage the HFPS systems possess, compared to other strategies, is that 
the phosphonium salts can be readily modified using selective substitution chemistry on 
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the phosphorus center, which is much more difficult to obtain in related C- or Si-centered 
and even polymer systems. In this way, using a small number of simple quantitative 
transformations one can impart specific functionality onto the cation. A drawback of the 
HFPS we described earlier and indeed other systems mentioned above is that they lack a 
universal tether or they need to have functionality tailored for a specific surface. So, 
despite the many successes there remains a need for the development of materials that 
allow for facile, efficient and mild approaches to impart hydrophobic character more 
universally on any surface. 
Using photolinkers is a versatile method for covalent attachment of molecules onto 
surfaces. Common highly efficient photolinkers used generally include diaryldiazo,
16-19
 
azide,
20-22
 and diazirine 
23-26
 molecules that generate highly reactive carbene or nitrene 
intermediates that then react with functionality native to or deliberately functionalized 
onto the desired surface. To the best of our knowledge only diaryldiazo and azide 
photoactivation have been used to tether hydrophobic substrates onto surfaces. For 
example, very recently Ling et al. reported the use of azide functionalized silica 
nanoparticles as a way to impart hydrophobicity to cotton fiber.
27
 To date the diazirine 
moiety has not been used in this sort of technology. However, it has been suggested that 
diazirine as a photolinker can be more beneficial because aryl azides can generate a 
singlet nitrene that can undergo a ring expansion and to a much less reactive species and 
many diazo-compounds suffer from low thermal stability. The use of diazirine however 
combines the high reactivity of a carbene with its inherent high stability. Compounds 
containing 3-aryl-3-(trifluormethyl) diazirine moieties are accessible synthetically useful 
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carbene precursors. Their most common application is in photoaffinity labeling, prolific 
in biological applications.
28-30
 The ease of synthesis, excellent thermal and chemical 
stability of the diazirine as well as its nearly quantitative photochemical generation of a 
reactive carbene, which reacts with a wide range of functionalities (e.g. C=C; X-H 
bonds),
23,30,31
 are the basis of its widespread use in these applications.
32
 However utilizing 
the diazirene functionality for the modification of substrates in polymer and materials 
science remain relatively unexplored. Hayes and coworkers in particular have utilized 
this chemistry creatively, mainly for the modification of polymers.
23,30,33-35
 We have 
recently established the utility of this diazirine moiety as the carbene precursor for the 
modification of other materials, including CNT, diamond, graphene and glass surfaces 
with gold nanoparticles.
24-26 
In these studies the photochemistry of 3-aryl-3-
(trifluoromethyl)diazirine is utilized to generate the carbene to tether the attached gold 
nanoparticles (AuNPs) via insertion into the native C=C or C-H, or O-H functionality 
inherent on these substrates. The result is a suite of covalent hybrid materials containing 
the properties of both the host material and the AuNP. Lawrence et al. has used this 
protocol recently to append acyl ferrocene as a redox active functional group onto 
CNT.
36,37
 
In the present report we extend the applications of the photochemistry of diazirines 
to new functional materials by incorporating the photoactive diazirine moiety onto the 
structure of a novel hydrophobic HFPS. The high hydrophobicity imparted by the HFPS 
especially given the relatively small fluorinated chain length makes this material 
commercially viable from an environmental perspective, compared to many that use 
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longer fluorinated hydrocarbons. We utilize the high reactivity of the photo-generated 
carbene to attach the HFPS to form robust hydrophobic coatings on model cotton and 
paper surfaces simply and efficiently. Because the carbene reacts with virtually any 
functional group, the approach provides a way to marry the high reactivity of the carbene 
with the newly discovered use of HFPS to introduce hydrophobicity efficiently and 
generally to any substrate/surface.  The process is photochemically activated and allows 
for the coverage of macro-scale substrates and surface patterning, which has implications 
for the application of this technology at the micro- and nanoscale.  Because the highly 
fluorinated phosphine used in the synthesis of our novel diazirine-HFPS is available in 
commercial quantities and can be made in the 100g-1Kg scale in our lab and the required 
diazirine can be prepared in multi-gram quantities through a series of simple organic 
transformations, the approach allows for the exploration of potential applications of the 
proof of concept results described herein. 
 
2.2 Results and Discussion 
The 3-aryl-3-(trifluormethyl)diazirine functionalized perfluorinated phosphonium 
salts HFPS [X] (X = Br or I) were prepared by reacting the 3-(3-(6-
halohexyloxy)phenyl)3-(trifluoromethyl)-3H diazirine derivatives (halo = Br or I) with a 
highly fluorinated alkyl phosphine (RP[(CH2)2Rf4]2 (R = 2,4,4-trimethylpentyl, Rf4 = 
(CF2)4CF3) via a quaternization reaction, with bromide or iodide as the counter ion. The 
reaction involved mixing a solution of the diazirine in dimethylformamide with a solution 
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of C8H17P(CH2Rf4)2 in trifluorotoluene under inert atmosphere (N2), as illustrated in 
Scheme  2.1.  
 
 
Scheme ‎2.1. Reaction pathway towards the synthesis HFPS and the model compound PMe3S. 
 
The reaction mixture was stirred at 45 °C, and monitored by 
31
P {
1
H} NMR 
spectroscopy over this period, by following the disappearance of the phosphine (δp = -30 
ppm) and the appearance of the signal from the phosphonium ion. Upon disappearance of 
the characteristic resonance of the precursor phosphine, the reaction was exposed to air to 
convert any trace unreacted phosphine to the oxide then worked up with water. The 
product was characterized using multinuclear NMR and IR spectroscopy, mass 
spectrometry and TGA. Although both the bromide and iodide salts of HFPS behaved 
similarly in further chemical tests and exhibited all the specifications that were sought for 
surface modification of various substrates, the I
-
 salt is the preferred target: the 
quaternization reaction is generally slow due to the attenuated nucleophilicity of the 
fluorinated phosphine and because the reaction is performed at temperatures not 
exceeding 45 °C to avoid thermal degradation of the diazirine. To achieve a faster and 
HFPSPMe3S
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more efficient method for synthesizing the target, the 3-(3-(6-iodohexyloxy)phenyl)3-
(trifluoromethyl)-3H diazirine derivative, formed by halide exchange from the 
corresponding bromo derivative is preferred and using it results in a pure product.
39 
The 
HFPS were viscous liquids, exhibiting single signals in the 
31P NMR spectrum (δp = 35 
ppm), and the expected signals in the 
19F NMR spectrum (δF = -65 ppm (CF3 of 
diazirine), and -81, -114, -124 and -126 ppm (fluorinated alkyl chains). The glass 
transition temperature (Tg = -27.2 °C) and decomposition temperature (Td = 304.2 °C) 
were also determined for HFPS [I]. The model compound PMe3S was also prepared in a 
similar manner using trimethylphosphine; in this case the reaction proceeds much more 
readily (3 h) because of the more nucleophilic and less sterically encumbered phosphine. 
Compound PMe3S was used as a model to demonstrate that any change observed in the 
surface properties of the substrates is in fact due to grafting the HFPS on the surfaces and 
not simply due to the diazirine CF3 or phosphonium ion moieties.  
As a proof of principle of using the diazirine moiety as the carbene precursor to 
insert into the native functionality of the surfaces to act as a molecular tether, the 
reactivity of the salt HFPS was studied upon exposure to UV light in the presence of 
methanol as a model O-H containing molecule. The m-methoxyphenyl(trifluoromethyl) 
carbene is known to be a ground state triplet, however, its reactivity generally 
corresponds to that of the singlet carbene (namely insertion reactions).
40
 A solution of 
HFPS [I] in methanol was purged with argon to remove any oxygen, and then irradiated 
(λ >300 nm) with a medium pressure Hg lamp. The course of the reaction was monitored 
with 
19F NMR spectroscopy. The starting material peak at δF = -65 ppm (CF3 of 
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diazirine) disappeared and a new peak at δF = -77 ppm known to be that due to the 
methanol insertion product appeared quantitatively, verifying the reactivity of carbene for 
insertion into O-H bonds.
38
 The details of these model reactions are provided in the 
experimental section. 
To demonstrate the utility of HFPS as a photo precursor to a reactive carbene that 
can be used to graft the hydrophobic properties of the HFPS, we chose cotton fabric and 
paper as proof of concept materials. Both of these substrates are known to be rich in O-H 
and C-H bonds on the surface, which can react with the photo generated carbene via 
insertion reactions. The 100% cotton fabric was purchased and cleaned by washing with 
detergent and deionized water three times and then dried in a 60 °C oven. The paper 
substrate (simple plain white printer paper, 92 Bright) was used as obtained with no pre-
treatment. For photo coating, cotton or paper substrate was immersed into a solution of 
the prepared HFPS in THF for 10 mins and allowed to dry in the dark. This process was 
repeated up to three times to ensure a film of the HFPS was on the surface of each 
substrate. Next, the coated sample was placed in a sealed Pyrex vessel, which was purged 
with argon gas for 30 mins and then irradiated with UV light (λ >300 nm) on both sides 
using a medium pressure Hg lamp. Upon irradiation the diazirine loses N2 and generates 
a carbene reactive intermediate that inserts into X-H bonds.
30,38
 The general 
photochemical reaction that was utilized for grafting the salts HFPS and PMe3S onto the 
surfaces of cotton and paper is illustrated in Scheme  2.2. After irradiation, to remove any 
unbound, physisorbed HFPS from the surface, the HFPS-photo-coated sample was 
washed repeatedly with THF and dichloromethane, respectively and then allowed to air 
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dry. In parallel, dark control samples consisting of cotton/paper samples that were 
similarly prepared with the HFPS, were left in the dark for 24 hrs (not exposed to UV 
irradiation) and then washed using the same protocol as used for the light treated 
samples. 
 
 
Scheme ‎2.2. Illustration of photochemical reaction used for surface modification of cotton and 
paper using HFPS and PMe3S. 
 
To demonstrate the influence of the HFPS solution concentration on the resulting 
wetting behavior, we prepared HFPS-coated surfaces on cotton and paper using the same 
protocol explained above, with concentrations of 1, 2, 5, 7, 10 and 20 mg/mL of HFPS [I] 
in THF and irradiated them for 1 hour. Figure  2.1 shows the dependency of the water 
contact angle on the concentration of the solution used for coating. Even surfaces coated 
with very dilute solution (1 mg/mL) exhibit high contact angles after the irradiation and 
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washing protocol. Although there is an increase in the water repellency when using more 
concentrated solutions, we observed that with concentrations higher than 10 mg/mL we 
not only damage the transparency of the substrate but also decrease the contact angle. We 
believe that, when too concentrated a solution is used, the density of the diazirine 
molecules on the surface increases. When exposed to UV light, this high density can lead 
to dimerization of the reactive carbene species at the expense of reactions of the carbene 
reacting with the OH groups present on the surface. These dimers would simply be rinsed 
away in the washing protocol. 
Using the optimized coating concentration (5 mg/mL solution of HFPS [I] in THF) 
we then performed experiments to monitor the effect of irradiation time on the resulting 
hydrophobicity of the light treated substrates while all the other factors were kept 
constant. Figure  2.1 shows the change in the water contact angles on cotton with time 
under our irradiation conditions. There are two important observations.  The first is that 
even after very short irradiation times the samples show high degree of hydrophobicity 
(anti-wetting). The second is that while there is an increase in contact angle with the 
increase in UV exposure no significant change was observed over 60 mins of irradiation 
under our conditions. Using more lamps (increased intensity) will lead to shorter 
irradiation times, but for consistency, especially when treating the small analytical 
samples in this study we used 60 mins of irradiation under our conditions to prepare the 
hydrophobic substrates for further testing. 
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Figure ‎2.1.  Variation in water contact angles as a function of irradiation time of 5 mg/ml samples 
(square, top scale) and as a function of the  HFPS [I] concentration on both cotton (inverted 
triangle, bottom scale) and paper (circle, bottom scale). 
 
We investigated the surface characteristics of treated samples and compared with 
those of the untreated samples visually and analytically using SEM, XPS and contact 
angle measurements.  The surface morphology of treated and untreated cotton/paper was 
examined using SEM (see Figure S 2.1). In this study we used the optimized 
concentrations of the HFPS, which leads to a very thin layer on the surface. SEM 
micrographs of the modified samples and their unmodified counterpart did not show any 
obvious change in diameter or structure of the fibers. There were likewise no other 
visible changes in color or bulk morphology to the irradiated samples under the 
conditions of the irradiation. The fact that no obvious change was observed after 
treating/irradiating substrates supports the thinness of the coatings. As a result we did not 
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damage the transparency or color of the cotton or paper. The surface of modified samples 
was also smooth and no destruction of cotton/cellulose fibers was indicated. 
More dramatic was the change in the surface wetting properties of the samples, 
which were evaluated visually and by measuring water contact angles (Figure  2.2). The 
stability of the water droplets on treated cotton/paper was in complete contrast with the 
untreated ones. It is well known that both cotton and paper are rich in hydroxyl groups 
and are therefore very hydrophilic. After chemically grafting the surface with HFPS all 
the light treated samples were found to be highly hydrophobic as illustrated by the 
photographs in Figure  2.2, while the water droplet soaked into the untreated and dark 
surfaces immediately after deposition. In Figure  2.2 the water droplets were colored for 
more easily visualization. Also included in this figure are images showing the 
hydrophobic nature from contact angle measurements using water placed on the 
irradiated cotton and paper substrates (Figure  2.2, D and H). The water contact angles 
were measured 30 s after a 5 µL water droplet was placed on the surface. It is worth 
noting that those fibers protruding out from the cotton surface made the contact angle 
measurement somewhat difficult. Due to the inherent roughness of the cotton fabric 
determining the baseline is less straightforward and this can lead to possible 
underestimation of the contact angle data. For each specimen, the contact angle reported 
is the average of at least 5 different readings on different spots on the surface. The 
irradiated cotton and paper surfaces treated with HFPS exhibited average water contact 
angles (θ) as high as 139.5° and 137.4°, respectively. The lack of hydrophobicity of the 
dark samples demonstrates that the photo treatment is necessary and suggests that it is the 
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formation of the carbene and subsequent covalent bonding to the substrate via carbene 
insertion reactions that leads to the robust hydrophobic coating. The magnitude of the 
observed contact angles are approaching those of surfaces that have a micro/nanoscale 
roughness, and are ultimately superhydrophobic ( ≥150°).8-10 The effect is dramatic 
especially when one considers that the surfaces that did not undergo irradiation prior to 
washing simply absorb the water due to the abundance of the hydroxyl groups in the 
structure. 
On the light treated surfaces (Figure  2.2, C and G) the water droplet remained on 
the surface indefinitely while maintaining their shape and high contact angles; only 
disappearing through evaporation. These droplets could be simply removed by picking up 
the substrate and shaking them off or wicking using a Kimwipe or pipette (see Figure 
S 2.2).  
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Figure ‎2.2. Pictures of colored water droplets (colored to aid visualization) placed on standard 
printer paper samples (left column) and cotton (right column): A and E untreated, B and F 
treated-dark sample (no irradiation), and C and G treated with HFPS and irradiated. D (paper) and 
H (cotton) are representative pictures of water contact angle measurements.   
 
Interestingly, even though the surface was coated with a low surface energy 
compound and exhibited large water contact angles, while measuring contact angle 
hysteresis we observed “petal effect” on all the treated surfaces.41,42 For all the 
paper/cotton fabric surfaces contact angle hysteresis was relatively high (>10°). The 
small water droplets stuck to the surface when the sample was tilted vertically (90°) or 
even turned upside down (180°) (See Figure S 2.3). This indicates that there is a strong 
adhesion between the water droplet and the modified surfaces. Such surfaces are 
expected to have many potential applications, such as sticky tapes,
43
 for liquid 
transportation in microfluidic devices,
44 
or two-dimensional lab on paper devices.
45
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Larger water droplets, like those from a Pasteur pipette bead or larger, roll off of the 
substrates.  
To obtain further evidence of coating of the HFPS on the surface of cotton and 
paper, XPS analysis was performed on both treated light and dark samples and untreated 
samples. Analysis of the spectra (Figure  2.3) indicates that there is a relatively large peak 
related to fluorine (10.3 %) in the light treated cotton spectrum that is not observed in 
XPS of the native sample. This proves that they are in fact coated with a film of HFPS. 
Although the fluorine peak is also present in XPS of the dark sample, the relative 
intensity is significantly smaller (1.9%) by comparison to the C and O signals. With the 
paper sample the results are 7.4 and 1.4%, respectively. Contact angle measurements 
confirm that the much lower fluorine incorporation in the dark control sample (likely due 
to some physical absorption or thermal carbene activation) is not enough for the sample 
to exhibit hydrophobicity. 
 
 
Figure ‎2.3. XPS spectra of: treated, treated with no light (dark treated) and untreated cotton (left) 
and paper (right) with HFPS. 
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Control over interfacial adhesion is particularly important when integrating the 
material into a device design. In our case, the photogenerated carbene can be used to 
impart well-defined surface functionality with water repellent properties. The chemical 
stability and overall robustness of this coating is dictated by the molecular interaction 
between the coating and the substrate. As a result, in order to remove the chemically 
grafted HFPS coating from the substrate, covalent bonds must be broken. To find out 
how strongly the hydrophobic layer is attached to the surface, we subjected the treated 
samples to two washing protocols. Hydrophobic substrates were immersed in sonication 
baths of 3 different solvents that wet the surface completely (EtOH, THF and DCM), for 
5 min periods each time. Water contact angle measurements reveal that even after 
repeated sonication there is no significant change in the wetting properties of these 
surfaces. For a representative piece of treated cotton, water contact angles were measured 
to be 138.7°  2.4° and 136.8°  3.7° before and after the sonication process, 
respectively. We also subjected the coated cotton samples to simulated wash cycles 
where the samples were washed in water containing detergent for 15 mins and then rinsed 
in water for 15 mins. After each wash cycle the substrate was dried before measuring the 
contact angle. Illustrated in Figure  2.4, is measure of the water contact angle as a function 
of wash cycle; no significant change was observed in the water contact angles even after 
10 of these wash cycles. These results support the claim of robustness of our coating that 
originates from covalent bond between the HFPS and the surface. 
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Figure ‎2.4. Change in the water contact angle (WCA) as a function of simulated wash cycles on 
treated cotton sample treated with HFPS [I], irradiated and washed. 
 
Having demonstrated that the HFPS can modify the wetting behavior of the 
cellulose fiber material surfaces and produce hydrophobic surfaces, we also carried out 
additional sets of control experiments. Samples of cotton and paper were treated with the 
non-fluorinated salt PMe3S, according to the previously explained procedure. 
Hydrophobicity tests performed on these treated surfaces after irradiation and washing 
cycles, showed no hydrophobic properties, with the water absorbing promptly after 
deposition. This suggests that it is the highly fluorinated phosphonium moiety that 
imparts the (majority of) hydrophobicity and that the CF3 of the diazirine is not sufficient. 
Of course, the alkyl phosphonium salt (no fluorinated chains) would be expected to make 
the sample hydrophilic and mask any potential hydrophobicity imparted by the CF3 of the 
diazirine or the appended alkyl chain. Cotton/paper samples treated with either 3-(3-
methoxyphenyl)3-trifluoromethyl)-3Hdiazirine or 3-(3-(6-iodohexyloxy)phenyl)3-
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(trifluoromethyl)-3H diazirine at the same concentrations used for HFPS and subjected to 
identical irradiation conditions were similarly found to be non-hydrophobic.  
 By taking advantage of the photosensivity of the diazirine in HFPS, patterning can 
be achieved on the surfaces using a crude photo-mask. This is a simple and inexpensive 
method that enables us to develop any hydrophobic pattern on various surfaces even in 
the microscale that can be utilized in biochemical assay devices.
46-48 
As a proof of 
concept, to produce a simple patterned hydrophobic surface, a paper substrate coated with 
HFPS was covered with a shadow mask with only circular gap allowing the substrate to 
be exposed to the light in that area. After irradiation followed by rinsing the paper with 
THF, the surface wetting properties were tested. The circular area exposed to light 
(indicate by a dark circle drawn with pencil to aid in visualization) exhibited the high 
hydrophobicity while water soaked into the other masked areas (see Figure  2.5). With 
such a simple method for patterning one can create well-defined hydrophobic and 
hydrophilic channels. This method is compatible with small pieces of paper as well as 
large. By using the patterning method we will have control over the hydrophobicity of the 
paper surface. Therefore, these surfaces can serve as paper-based lab-on-a-chip devices 
(lab-on-paper) that allow the transport, mixing or sampling of the liquid droplets all on 
the paper surfaces.
45 
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Figure ‎2.5. Cartoon of the macro-patterning and a photograph of the paper surface after 
patterning. Spot on the left, indicated by the penciled circle is where the mask let light through. 
The spot on the right is where the mask was dark. 
 
2.3 Conclusion 
We have demonstrated for the first time a powerful, new efficient and easy 
photochemical approach utilizing the photochemistry of diazirine modified HFPS to 
imposing highly effective water barrier coatings on two model substrates, cotton and 
paper. Evidence presented here suggests that the photosensitive salt was covalently 
grafted onto the surface of cotton and paper surfaces via the generated carbene 
intermediate by insertion into one of the surface-active groups (likely O-H). This work 
represents a new class of materials for forming hydrophobic coatings that marry the 
recently demonstrated hydrophobic character of the HFPS to a diazirine moiety as a 
photoactivated tethering agent. Like the more ubiquitous diazo- and azide substrates used 
Paper coated with HFPS [I] 
Photomask
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in materials chemistry, this work further demonstrates that the diazirine as an emerging 
new platform for material modification. The diazirine-HFPS was prepared in a 
convergent synthesis, bringing the two task specific moieties together in the final step. 
The materials are easy to prepare and can be made in large quantities. The phosphine 
precursor can be prepared in our laboratory in the 100 g-kg scale, but is made 
commercially in tanker car quantities. The synthesis of the diazirine, while requiring 
several steps to prepare, is routine and can be made in multigram quantities.
49
 While the 
applications of robust hydrophobic coatings on cotton and other fabrics (water-proofing) 
and paper (document protection) are fairly obvious, because of the high reactivity of the 
carbene intermediate this protocol can be used to form robust hydrophobic coatings on a 
host of materials including glass, CNT, graphene, diamond, and other fabrics to name a 
few. These studies, along with a systematic examination of altering the ligands of the 
HFPS, demonstration of the photopatterning allowed by this method are currently being 
examined. 
 
2.4 Experimental 
General Materials and Methods 
The di (3,4,5,6-nonafluoro)hexyl-mono-2,4-trimethyl-pentylphosphine 
(C8H17P(C2H4Rf4)2) was donated from Cytec Industries and was used as received. 3-
bromoanisole, n-butyllithium, hydroxylamine hydrochloride, (N,N-dimethylamino) 
pyridine, piperidine, p-toluenesulfonylchloride, silver(I) nitrate, boron tribromide, 
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potassium thioacetate, acetyl chloride, triethyl amine, trifluoroacetic anhydride, 1,6-
dibromohexane, and potassium carbonate were purchased from Sigma-Aldrich and used 
as received without further purification. Cotton fabric (Muslin and Osanaburgh, 100% 
Cotton, Natural) was purchased from fabric store. The following solvents were obtained 
from Caledon Laboratories and used as received: dichloromethane, dimethylformamide, 
ethyl ether, hexanes, hydroxylamine hydrochloride, n-pentane and tetrahydrofuran. α,α,α-
trifluorotoluene and trimethylphosphine were obtained from Alfa Aesar. Deuterated 
chloroform (CDCl3) was obtained from Cambridge Isotope Laboratories and also used as 
received. 
1
H, 
13
C, 
31
P {
1
H} and 
19
F {
1
H} NMR spectra were recorded on either a Varian 
INOVA 400 MHz, Varian Mercury 400 MHz spectrometer. All samples for 
1
H NMR 
spectroscopy were referenced to the residual protons in the solvent chloroform-d (7.26 
ppm), relative to tetramethylsilane. Phosphorus-31 chemical shifts were reported relative 
to an external standard (85% H3PO4; 0.00 ppm) and 
19
F {
1
H} NMR data were referenced 
to an external standard CF3(C6H5)(-63.9 ppm).  Mass spectrometry measurements were 
recorded using a Micromass LCT (electrospray time-of-flight) mass spectrometer. 
Infrared spectra were recorded on a Bruker Vector 33 FTIR spectrometer and are reported 
in wavenumbers (cm
–1
). The decomposition temperature for compound HFPS [I] and 
PMe3S were determined using Thermal Gravimetric Analysis Q600 SDT TA Instrument.  
A 0.005-0.010 g sample was heated at a rate of 10 
°
C /min over a temperature range of 30 
°
C– 600 °C under a flow of N2 (g) (100 mL/min). The XPS analysis were carried out with 
a Kratos Axis Ultra spectrometer using a monochromatic AlK(alpha) source (15 mA, 14 
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Kv).  Scanning electron microscopy (SEM) images were recorded on a TM3000 Hitachi 
Scanning Electron Microscope. 
 
 
Scheme ‎2.3. Reaction pathway towards the preparation of diazirine 8. 
 
Synthesis of 3-(3-(6-bromohexyloxy) phenyl)-3-(trifluoromethyl)-3H diazirine (7) 
All steps in preparation and synthesis were performed in accordance with the 
literature procedure 
38
 as illustrated in Scheme  2.3. In short, reaction of 3-bromoanisole 
with n-butyl lithium gave the aryl lithium which was converted to the ketone 1 using 
diethyltrifluoroacetamide. Hydroxylamine hydrochloride was then added to 1 to yield 
   89 
 
oxime 2. Treatment of the synthesized oxime with p-toluenesulfonyl chloride gave p-
tolylsulfonyl oxime 3. Compound 4 was formed upon addition of 3 to liquid ammonia 
and was later oxidized by silver oxide providing 5. Alterations to the referenced 
procedure include the substitution of 1, 12-dibromododecane with 1, 6-dibromohexane. A 
solution of 5 (930 mg, 4.30 mmol) in dry CH2Cl2 (10 mL) was cooled in ice bath. BBr3 (1  
M  in  CH2Cl2, 8.75 mL, 8.75 mmol ) was added over a 5 min period and the reaction 
mixture was stirred for 12 h at 0 °C. Water was added to the mixture and the organic 
compounds were extracted with diethyl ether (30 mL × 3). The combined organic layers 
were washed using water (3 × 20 mL) and the ethereal layer was dried over MgSO4, 
filtered and concentrated in vacuo to give the corresponding phenol 6 (800 mg, 3.96 
mmol, 92% yield). Without further purification, 6 was used for the alkylation reaction. 
K2CO3 (614 mg, 4.45 mmol) was added to a solution of 6 (800 mg, 3.96 mmol) and 
excess 1,6-dibromohexane (5.12 g, 21.00 mmol) in acetone (20 mL). The reaction 
mixture was refluxed overnight and then filtered. After evaporation of solvent, the 
residue was partitioned between water (20 mL) and CH2Cl2 (30 mL). The organic layer 
was washed with water (3 × 30 mL), dried over MgSO4, filtered and concentrated in 
vacuo. Purification of the crude product was performed by column chromatography (5:1; 
Hexanes: Dichloromethane).Yield 80%, 1.15 g, 3.168 mmol ; 
1
H NMR (400 MHz, 
CDCl3)  (ppm); 1.50-1.52 (broad, 4H), 1.78 (q, JH-H = 6.7 Hz, 2H), 1.89 (q, JH-H = 7.1 
Hz, 2H), 3.42 (t, J = 6.9 Hz, 2H), 3.93 (t, JH-H = 6.5 Hz, 2H), 6.76(s, 1H), 6.90 (d, JH-H = 
7.8 Hz, 1H), 6.93 (dd, JH-H = 2.5, 8.3 Hz, 1H), 7.28 (t, JH-H = 7.9 Hz, 1H); 
13
CNMR (400 
MHz, CDCl3) δ (ppm); 25.2, 27.9, 28.9, 32.6, 33.7, 67.8, 112.8, 115.6, 118.6, 122.1 (q, 
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1
JC-F = 275.0 Hz), 129.9, 130.5, 159.3. 
19
F {
1
H} NMR (400 MHz, CDCl3)  (ppm); -65.5. 
HRMS m/z; 364.0392. 
Synthesis of HFPS [Br]  
Under an inert atmosphere (N2) a solution of diazirine 7 (200 mg, 0.55 mmol) in 
DMF (1 mL) and CF3(C6H5) (1 mL), was added to 
(CH3)3CCH2CH(CH3)CH2P((CH2)2(CF2)2CF3)2 (380 mg, 0.60 mmol). The reaction 
mixture was stirred for 4 weeks at 45
 
°C. The reaction was continually monitored by
 31
P 
{
1H} NMR. The precursor fluorinated phosphine (δP = -30.4 ppm) was converted to a 
singlet in the region consistent with the target product phosphonium species (δP = 35.2 
ppm), an oxide was also present in the reaction mixture (δP = 44.0 ppm) but was removed 
by purification. After 
31
P {
1
H} NMR showed complete conversion from reactants to 
product, water was added to the mixture and the organic compounds were extracted with 
dichloromethane. The organic layer was washed with water (3 × 10 mL), the mixture was 
centrifuged and aqueous layers discarded. The organic phase was dried over MgSO4 and 
decanted. HFPS [Br] was then precipitated out of pentane to remove all the impurities 
present in the mixture; the precipitate was concentrated in vacuo overnight to yield HFPS 
[Br] as a viscous amber liquid. Yield: 61%, 0.336 g, 0.334 mmol.  
31
P {
1
H} NMR (400 
MHz, CDCl3)  (ppm); 35.2; 
19
F {
1
H} NMR (400 MHz, CDCl3)  (ppm); -65.2 (s); -76.9 
(s); -81.0 (m); -114.4 (m); -123.7 (s); -126.1 (m); 
1
H NMR (400 MHz CDCl3); 0.93 (s, 
9H), 1.2 (d, 3H), 1.38-1.40 (broad, 2H), 1.50-1.70 (broad, 3H), 1.74-1.85 (broad, 3H), 
2.58-2.74 (m, 4H), 2.76-2.94 (m, 4H), 2.95-3.15 (m, 4H), 3.93 (t, 2H), 6.65 (s, 1H), 6.76 
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(d, 1H), 6.91 (dd, 1H), 7.29 (t, 1H);  FT-IR (cm
-1
, dropcast on NaCl); 521.5, 552.1, 635.4, 
699.1, 745.4, 790.9, 848, 881.7, 937.5, 1014.7, 1061.8, 1133.7, 1230.1, 1356.2, 1445.4, 
1581.9, 1605.2, 1655.3, 1720.1, 2871.2, 2954.2. HRMS m/z; 923.2 [M
+
], 1927 [M2Br
+
]. 
Synthesis of HFPS [I] 
First diazirine 8 was prepared from the reaction of 7 with sodium iodide in acetone 
in 92% yield.
50
 To prepare HFPS [I], under an inert atmosphere (N2) a solution of 8 (225 
mg, 0.55 mmol) in DMF (1 mL) and CF3(C6H5) (1 mL), was added to 
(CH3)3CCH2CH(CH3)CH2P((CH2)2(CF2)2CF3)2 (380 mg, 0.60 mmol). The reaction 
mixture was stirred for 2 weeks at 45
 
°C. The reaction was continually monitored by 
31
P 
{
1H} NMR, the fluorinated phosphine (δP = -30.4 ppm) was converted to a singlet in the 
region consistent with the target product phosphonium species (δP = 35.9 ppm, an oxide 
was also present in the reaction mixture (δP = 44.1 ppm) but was removed by purification. 
After 
31
P {
1
H} NMR showed complete conversion from reactants to product, the reaction 
was exposed to air and precipitated out in n-pentane to remove any residual starting 
material and the oxide. Next, the solvent was removed under reduced pressure leaving 
HFPS [I] as a viscous orange oil. Yield: 76%, 0.438 g, 0.417 mmol.  Tg = -27.09 °C, Td = 
304.21°C; 
31
P {
1
H} NMR (400 MHz, CDCl3)  (ppm); 35.9; 
19
F {
1
H} NMR (400 MHz, 
CDCl3)  (ppm); -65.5; -81.30; -114.4; -123.8; -126.2; 
1
H NMR (400 MHz CDCl3); 0.93 
(s, 9H), 1.22 (d, 3H), 1.41 (d, 2H), 1.54- 1,65 (broad, 6H), 1.78 (m, 3H), 2.63- 2.73 (m, 
4H), 2.63-2.73 (m, 4H), 2.78-2.88 (m, 4H), 2.94-3.15 (m, 4H), 3.93 (t, 2H), 6.65 (s, 1H), 
6.74 (d, 1H), 6.92 (dd, 1H), 7.28 (t, 1H); 
13
C NMR (400 MHz CDCl3); 12.7, 13.2, 20.8, 
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21.9, 23.9, 24.6, 25.4, 28.7, 29.9, 30.1, 30.3, 31.2, 52.8, 52.9, 67.6, 110, 112.9, 115.4, 
118.6, 120.7, 122.6, 123.4, 130, 130.1, 130.4, 159.1; FT-IR (cm
-1
, dropcast on NaCl); 
516.2, 547.5, 651.1, 734.5, 794.9, 842.7, 867.4, 938.3, 1026.4, 1057.4, 1148.8, 1225.9, 
1344.2, 1443.2, 1452.6, 1529.1, 1590.8, 1666.6, 1708.8, 2868.1, 2937.5. HRMS m/z; 
923.2 [M
+
], 1973.3 [M2I
+
]. 
Synthesis of PMe3S  
Under an inert atmosphere (N2), PMe3 (19 mg, 0.25 mmol, 26 mL) was added to a 
solution of the diazirine 7 (109 mg, 0.238 mmol) in DMF (2 mL) and the reaction 
mixture was stirred for 3 h at 45
 
°C. The reaction was monitored by 
31
P {
1
H} NMR, upon 
completion brine was added to the mixture and the organic compounds were extracted 
with CH2Cl2 (30 mL). The organic layer was washed with Brine (3 × 10 mL), the mixture 
was centrifuged and aqueous layers discarded. The organic phase was dried over MgSO4 
and decanted; the phosphonium salt was then precipitated out in n-pentane and 
concentrated in vacuo overnight to give PMe3S as a viscous amber liquid. Yield: 91%, 96 
mg, 0.218 mmol. Tg = -35.31°C; Td = 88.29°C; 
31
P {
1
H} NMR (CDCl3)  (ppm); 26.9; 
19
F {
1
H} NMR (CDCl3)  (ppm); -65.1; 
1
H NMR (CDCl3)  (ppm); 1.45-1.5 (m, 6H); 1.7 
(m, 2H); 2.1 (m, 9H); 2.5 (m, 2H); 3.9 (m, 2H); 6.6 (s, 1H), 6.7 (d, J=7.8, 1H); 6.9 (m, 
1H); 7.2 (m, 1H); 
13
C NMR (CDCl3)  (ppm); 8.90 (d, JP-H = 54.3 Hz); 21.62; 23.39 (JP-H 
= 55.10 Hz); 25.48; 28.77 ; 30.18 (d, JP-C = 16.10 Hz); 67.66; 112.80; 115.54; 118.61; 
120.69; 130.04; 159.14. HRMS  m/z; 361.13 [M
+
], 801.23 [M2Br
+
]. 
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General procedure for the model photolysis reaction of diazirine functionalized 
HFPS and the Insertion of carbene 
HFPS [I] (5 mg) was dissolved in methanol (1 mL) and the mixture was transferred 
to a Pyrex NMR tube (filters below 300 nm) and purged with argon for 15 mins. The 
sample was irradiated using a medium pressure mercury lamp (Hanovia S9 PC 451050 
/805221), which was contained in quartz water jacket, approximately 10 cm from the 
NMR tube. After 30 mins, (time for disappearance of diazirine) the remaining methanol 
was evaporated and the product was characterized using 
31
P {
1
H} and 
19
F NMR 
spectroscopy. In the 
19
F NMR spectra the signal at -65 ppm, which is representative of 
the CF3 group of the diazirine, disappeared and a new signal appeared at -77.03 
corresponding to the product after the carbene insertion was observed. 
31
P {
1
H} NMR 
(400 MHz, CDCl3)  (ppm); 35.9; 
19
F {
1
H} NMR (400 MHz, CDCl3)  (ppm); -77.0; -
81.5; -114.8; -123.6; -126.0. HRMS m/z; 927.4 [M
+
], 1981.3 [M2I
+
]. 
Surface modification of cotton fabric and paper 
The 1, 2, 5, 10, and 20 mg/mL solutions of HFPS in THF were prepared. Prior to 
photo-coating cotton substrate was pre-treated by washing with deionized water and 
detergent three times to remove any surfactants or chemical coatings, subsequently, 
washed with distilled water and then dried in a 60 °C oven. The paper samples were used 
as obtained with no pre-treatment. Both the cotton and paper substrates were treated by 
submersion into solution of HFPS [X] and were allowed to air-dry until the solvent 
evaporated. Next, the HFPS-coated substrates were placed in a sealed vessel that was 
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purged with argon. All of the substrates were irradiated with ultra-violet light on both 
sides, using a medium pressure mercury lamp (Hanovia S9 PC 451050 /805221), which 
was contained in quartz water jacket, approximately 10 cm from the samples (ca. 1800 
mJ/cm
2
). After irradiation, all substrates were thoroughly rinsed with THF and DCM to 
remove any unbound HFPS and yield the light treated samples. 
Patterning paper  
Simple plain white printer paper, 92 Bright was soaked in a solution of HFPS [I] in 
THF for 15 min and allowed to air dry until no solution remained. A photo-mask made 
out of cardboard with a circular gap (1 cm in diameter) was placed on top of the HFPS-
coated paper substrate and the back side was covered with a full mask to avoid any light 
exposure from the back side. Next, it was placed in a sealed vessel that was purged with 
argon and irradiated with ultra-violet light, using a medium pressure mercury lamp 
(Hanovia S9 PC 451050 /805221). After irradiation the treated paper was thoroughly 
rinsed with THF and DCM to afford the patterned surface. 
Simulated wash cycles  
Two washing methods were used for coated samples. In a typical experiment, a 
piece of 2 × 2 cm treated cotton fabric was washed in a 50 ml flask that contained 30 ml 
of aqueous detergent solution and a stir bar. The fabric was stirred at 500 rpm for 15 
mins. It was then rinsed with distilled water and stirred for another 15 mins in a flask 
containing 30 mL distilled water to remove any adsorbed detergent. Fabric was then dried 
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for 10 mins in a 60 °C oven before it was used for contact angle measurement. In a 
separate experiment a piece of 2 × 2 cm treated cotton was immersed in three different 
solvents and sonicated for 5 min periods : EtOH, DCM, THF subsequently. Water contact 
angles were measured before and after sonication. 
Contact angle measurement 
Contact angles were measured with deionized water using Kruss DSA 100 
goniometer with DSA (Drop Shape Analysis) software, at room temperature (21 °C). All 
the static water contact angles were determined by averaging values measured for 5 µL 
droplets at five different spots on each substrate. Laplace-Young fitting method was used 
to calculate all the static contact angles. Contact angle hysteresis was determined by 
placing a 5 µL droplet on the surface, rotating the stage 30 degrees and measuring the 
difference between the advancing and receding contact angles. 
Other techniques 
The decomposition temperature for compound HFPS [I] and PMe3S were 
determined using Thermal Gravimetric Analysis Q600 SDT TA Instrument. A 0.005-
0.010 g sample was heated at a rate of 10 °C /min over a temperature range of 30 °C– 
600 °C under a flow of N2 (g) (100 mL/min). XPS was carried out using a Kratos Axis 
Ultra spectrometer using a monochromatic AlK(alpha) source (15 mA, 14 Kv). SEM 
images were recorded on a TM3000 Hitachi Scanning Electron Microscope. 
 
   96 
 
2.5 References 
1) Li, X.; Tian, J.; Garnier, G.; Shen, W. Colloids Surf. B 2010, 76, 564. 
2) Ma, M.; Hill, R. M. Curr. Opin. Colloid. In. 2006, 11, 193. 
3) Blossey, R. Nat. Mater. 2003, 2, 301. 
4) Bahners, T.; Textor, T.; Opwis, K.; Schollmeyer, E. J. Adhes. Sci. Technol. 2008, 
22, 285. 
5) Samyn, P.; Schoukens, G.; Vonck, L.; Stanssens, D.; Abbeele, H. V. D. Langmuir 
2011, 27, 8509. 
6) Latthe, S. S.; Gurav, A. B.; Maruti, S. C.; Vhatkar, R. S. JSEMAT 2012, 2, 76. 
7) Li, X.-M.; Reinhoudt, D.; Crego-Calama, M. What Chem. Soc. Rev 2007, 36, 
1350. 
8) Wang, H.; Fang, J.; Cheng, T.; Ding, J.; Qu, L.; Dai, L.; Wang, X.; Lin, T. Chem. 
Commun. 2008, 877. 
9) Yu, M.; Gu, G. T.; Meng, W. D.; Qing, F. L. Appl. Surf. Sci. 2007, 253, 3669. 
10) Vilčnik, A.; Jerman, I.; Vuk, A. S.; Koželj, M.; Orel, B.; Tomšič, B.; Simončič, 
B.; Kovač, J. Langmuir 2009, 25, 5869. 
11) Plechkova, N. V.; Seddon, K. R. Chem. Soc. Rev. 2008, 37, 123. 
12) Merrigan, T. L.; Bates, E. D.; Dorman, S. C.; Davis Jr., J. H. Chem. Commun. 
2000, 2051. 
13) Emnet, C.; Weber, K. M.; Vidal, J. A.; Consorti, C. S.; Stuart, A. M.; Gladysza, J. 
A. Adv. Synth. Catal. 2006, 348, 1625.  
   97 
 
14) Tindale, J. J.; Ragogna, P. J. Chem. Commun. 2009, 14, 1831. 
15) Tindale, J. J.; Mouland, K. L.; Ragogna, P. J. J. Mol. Liquids 2010, 152, 14.  
16) Griffiths, J.-P.; Moloney, M. G. PCT/GB2006/000139. 
17) Moloney, M. G. J. Phys. D: Appl. Phys. 2008, 41, 174006. 
18) Leonard, D.; Moloney, M. G.; Thompson, C. Tet. Lett. 2009, 50, 3499. 
19) Griffiths, J. –P.; Maliha, B.; Moloney, M. G.; Thompson, A. L.; Hussain, I. 
Langmuir 2010, 26, 14142. 
20) Ito, Y. Biotechnol.Prog. 2006, 22, 924. 
21) Yan, M.; Ren, J. J. Mater. Chem. 2005, 15, 523. 
22) Liu, L. H.; Yan, M. Nano Lett. 2009, 9, 3375. 
23) Blencowe, A.; Cosstick, K.; Hayes, W. New J. Chem. 2006, 30, 53. 
24) Ismaili, H.; Lagugne-Labarthet, F.; Workentin, M. S. Chem. Mater. 2011, 23, 
1519. 
25) Ismaili, H.; Workentin, M. S. Chem. Commun. 2011, 47, 7788. 
26) Ismaili, H.; Geng, D.; Kantzas, T. T.; Sun, X.; Workentin, M. S. Langmuir, 2011, 
27, 13261. 
27) Zhao, Y.; Zhiguang, X.; Wang, X.; Lin, T. Langmuir 2012, 28, 6328. 
28) Brunner, J.; Senn, H.; Richards, F. M. J. Biol. Chem. 1980, 255, 3313. 
29) Hashimoto, M.; Hatanaka, Y. Eur. J. Org. Chem. 2008, 2513. 
30) Blencowe, A.; Hayes, W. Soft Matter. 2005, 1, 178. 
   98 
 
31) Admasu, A.; Gudmundsdóttir, A. D.; Platz, M. S.; Watt, D. S.; Kwiatkowski, S.; 
Crocker, P. J. J. Chem. Soc., Perkin Trans. 2 1998, 1093. 
32) Das, J. Chem. Rev. 2011, 1111, 4405. 
33) Blencowe, A.; Blencowe, C.; Cosstick, K.; Hayes, W. React. Funct. Polym. 2008, 
68, 868. 
34) Blencowe, A.; Caiulo, N.; Cosstick, K.; Fagour, W.; Heath, P.; Hayes, W. 
Macromolecules 2007, 40, 939. 
35) Blencowe, A.; Fagour, W.; Blencowe, C.; Cosstick, K.; Hayes, W. Org. Biomol. 
Chem. 2008, 6, 2327. 
36) Lawrence, E. J.; Wildgoose, G. G.; Aldous, L.; Wu, Y. A.; Warner, J. H.; 
Compton, R. G.; McNaughter, P. D. Chem. Mater. 2011, 23, 3740. 
37) Wildgoose, G. G.; Lawrence, E. J.; Bear, J. C.; McNaughter, P. D. Electrochem. 
Commun. 2011, 13, 1139. 
38) Ismaili, H.; Lee, S.; Workentin, M. S. Langmuir 2010, 26, 14958. 
39) The reaction of the bromo derivative takes several weeks longer and subsequently 
results in some impurities due to the slow degradation of the diazirine under the 
conditions of the coupling reaction. 
40) Song, M.-G.; Sheridan, R. S. J. Am. Chem. Soc. 2011, 133, 19688. 
41)  Guo, Z. –G. Appl. Phys. Lett. 2007, 90, 223111. 
42) Feng, L.; Zhang, Y.; Xi, J.; Zhu, Y. Wang, N.; Xia, F.; Jiang, L. Langmuir 2008, 
24, 4114. 
43) Geim, A.K.; Dubonos, S. V.; Grigorieva, I. V.; Novoselov, K. S.; Zhukov, A. A.; 
Shapoval, S. YU. Nature Materials, 2003, 2, 461. 
   99 
 
44) Martinez, A. W.; Phillips, S. T.; Whitesides, G. M. Proc. Natl. Acad. Sci. USA 
2008, 105, 19606. 
45) Balu, B.; Berry, A. D.; Hess, D. W.; Breedveld, V. Lab Chip, 2009, 9, 3066. 
46) Martinez, A. W.; Phillips, S. T.; Butte, M. J.; Whitesides, G. M. Angew. Chem. 
Int. Ed. 2007, 46, 1318. 
47) Martinez, A. W.; Phillips, S. T.; Wiley, B. J.; Gupta, M.; Whitesides, G. M. Lab 
Chip, 2008, 8, 2146. 
48) Yager, P.; Edwards, T.; Fu, E.; Helton, K.; Nelson, K.; Tam, M. R.; Weigl, B. H. 
Nature, 2006, 442, 412. 
49) Bentz, E. L.; Gibson, H.; Hudson, C.; Moloney, M. G.; Seldon, D. A.; 
Wearmouth, E. S. Synlett 2006, 0247. 
50) Snider, B. B.; Hawryluk, N. A. Org. Lett. 2001, 3, 569. 
 
  
   100 
 
2.6 Supporting Information 
This section contains the data to support the work carried out in chapter two of this 
thesis. This includes SEM images of treated and untreated samples, representative water 
contact angle measurement pictures and pictures of water droplets being picked up from a 
treated cotton sample leaving a dry surface behind.  
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Figure S‎2.1. SEM micrographs of: cotton samples (top column) and paper samples (bottom 
column): untreated (right) and treated (left) with HFPS [Br]. 
 
 
Figure S‎2.2. Pictures of water droplets A) placed on the treated and irradiated 100% cotton fabric 
and then B) drawn up with pipette to yield a C) dry surface modified substrate.  
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Figure S‎2.3. Representative pictures of water contact angle measurements using 5 μL droplets on 
A) cotton and B) paper C) cotton when it is turned upside down D) paper at 20° tilt angle, all 
coated with HFPS [I], irradiated and washed.  
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Chapter 3  
 
3 Synthesis of Small Water-Soluble Diazirine-
Functionalized Gold Nanoparticles and Their 
Photochemical Modification 
 
 This chapter has been published as a full paper. The corresponding reference is: 
Sara Ghiassian, Mark C. Biesinger and Mark S. Workentin, Can. J. Chem. 2015, 
93, 98-105. 
 Mark C. Biesinger performed the XPS analysis. Sara Ghiassian carried out all the 
work reported in this chapter under under the supervision of Dr. Workentin. The 
manuscript was initially drafted by Sara Ghiassian and Dr. Workentin provided 
assistance with editing and final preparation. 
 All of the schemes, figures, and text in Chapter 3 reprinted with permission from 
NRC Research Press. 
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3.1 Introduction 
Gold nanoparticles (AuNPs) possess unique physical and chemical properties 
which make them outstanding candidates for numerous applications ranging from 
electronics, catalysis, biology and sensor science.
1-6
 Many of these applications are 
correlated with the nature of the protecting ligand attached to the gold core. Therefore, 
developing techniques to prepare nanoparticles with specific moieties or functionalities 
directly or by means of chemical reactions at the interface of the protecting shells can be 
a key factor affecting the final AuNP application. Interfacial reactions on the surface of 
AuNP can be an outstanding alternative to conventional methods when there is a need to 
incorporate new functionalities onto the gold surface. A moiety at the gold interface that 
can be thermally or photochemically activated can be utilized as a reactive template for 
further modification of AuNPs. Such a procedure circumvents the tedious and time 
consuming chemical synthesis of ligands prior to the AuNP synthesis. 
In several cases, compared to other chemical routes, photochemical reactions have 
the advantage of yielding a product via shorter routes, without the need to carry on 
several synthetic reactions. Because AuNPs are sensitive to elevated temperatures, they 
can be subject to loss of the protecting ligands or even decomposition, so another 
advantage is the possibility of performing photochemical reactions at amibient 
temperature.  Phenyl (trifluoromethyl) diazirine, is a popular photo-active group used in 
photoaffinity labeling for the structural elucidation of biological substrates.
7-9
 Diazirine is 
chemically and thermally stable prior to photolysis but can be activated upon irradiation 
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with UV light. When diazirine molecules absorb light of 365 nm, where most 
biomolecules are transparent, they form a highly reactive carbene intermediate that can 
initiate addition reaction with double bonds, insertion into O-H, N-H, S-H or even C-H 
functional groups and form covalent bonds with target substrates that are within 
molecular vicinity at the time of photo-activation.
7,10
 Although mostly used for biological 
applications, diazirine has remained rather unexplored in other areas such as surface 
modification of other molecules. Diazirine has been used for the modification of 
polymeric substrates.
10,11 
or  to incorporate a redox active functional group onto 
nanomaterials such as CNTs.
12,13 
 Our group has demonstrated that diazirine functionality 
can also be a convenient photo-precursor for surface modification when it is attached to a 
highly fluorinated phosphonium salt. This approach enables preparation of robust 
hydrophobic surfaces on any material including cotton and paper through a simple 
photochemical treatment.
14
 
Recently, we prepared a diazirine/alkanethiolate stabilized gold nanoparticle which 
is very stable for prolonged periods when kept in the dark, but is able to undergo 
interfacial reactions upon diazirine photo-activation.
15
 These particles proved to be 
excellent photo-precursors for the introduction of AuNPs to various materials including 
CNTs, graphene, diamond and glass.
16-18
 Despite all their advantages, the solubility of 
dodecane diazirine modified AuNPs is limited to a narrow range of organic solvents. The 
lack of solubility in water or other polar solvents in general limits their application for 
modification to materials which are soluble or dispersible in non-polar media.  
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Ethylene glycol thioalkylated AuNPs have shown great promise for the synthesis of 
robust water soluble AuNPs.
19,20
 Previously we have developed a straightforward 
procedure for the synthesis of small water soluble AuNPs through thiol exchange 
reactions, using triethylene glycol monomethyl ether functionalized AuNPs as the 
building blocks. Such AuNPs have the added benefit of solubility in a wide range of 
organic solvents as well as aqueous media.
21,22
 Furthermore, capping the gold core with 
shorter tri- or tetra-ethylene glycol chains versus polyethylene glycol thiolates employed 
previously, allows for producing mixed monolayer protected AuNPs and their complete 
and straightforward characterization at any stage. Through a combination of 
characterization techniques such as TGA, NMR, and XPS one is able to calculate the 
number of ligands surrounding the gold core. Such information can be further used to 
determine the ratio of the different ligands after a place exchange reaction has occurred 
and hence the number of new ligands introduced to the surface. 
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Scheme ‎3.1. Cartoon representation of thiol exchange reaction for the preparation of Diaz-EG4-
AuNPs and their photo-induced carbene generation and reactivity for interfacial modification. 
 
In this work, we report the synthesis and characterization of a new type of robust, 
stable and water soluble AuNP containing a diazirine moiety at the interface to serve as a 
photoactivated template to incorporate additional functionality onto the AuNP.  
Diazirine/ triethylene glycol capped AuNPs are prepared through a thiol exchange 
reaction on small triethylene glycol monomethyl ether particles (Scheme  3.1). The novel 
feature of these AuNPs is that it combines the photo-reactivity of the 
diazirine/alkanethiolate functionalized AuNPs with excellent solubility in water and 
importantly other polar organic solvents. We believe that such particles can be useful in 
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photochemical immobilization of AuNPs on biomolecules as well as other materials 
under mild conditions and are not limited to use in a narrow range of solvents. 
 
3.2 Results and Discussion 
To prepare the 3-aryl-3-(trifluoromethyl) diazirine modified AuNPs (Diaz-EG4-
AuNPs), we utilized a place exchange reaction incorporating 3-aryl-3-(trifluoromethyl) 
diazirine tetraethylene glycol thiolate (Diaz-EG4-SH) onto small triethylene glycol 
monomethyl ether modified AuNPs as illustrated in Scheme  3.1. The 3-(3-
Hydroxyphenyl)-3-(trifluoromethyl)-3H-diazirine (1) was synthesized according to 
previous reports 
15
 and was then used in the preparation of Diaz-EG4-SH (5) according to 
Scheme  3.2. 
 
 
Scheme ‎3.2. Pathway towards the synthesis of Diaz-EG4-SH (5). 
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The Me-EG3-AuNPs were prepared according to our previously reported literature 
procedure.
21
 It is important to note that methyl terminated triethylene glycol stabilized 
AuNPs were selected as the basic building block for the synthesis of water soluble 
AuNPs for several reasons: While oxygenated chains of the triethylene glycol ligand 
allow water solubility of the particles, unlike the more commonly used citrate capped 
gold clusters that are charged and prone to agglomeration on removal of the solvent, 
thiolate triethylene glycol stabilized particles remain stable after solvent evaporation and 
can be re-dissolved in the solvent. Additionally, incorporating triethylene glycol 
monomethyl ether ligands onto the gold core enables solubility in a range of organic 
solvents as well as water. Consequently, such nanoparticles can be used in wide range of 
organic (both polar and non-polar) or aqueous media for various applications. Also, 
unlike PEG stabilized AuNPs, these short chain triethylene glycol building blocks allow 
utilizing thiol exchange reactions to incorporate new functionalities on the gold core in 
one easy step. They can be then fully characterized through several complementary 
techniques such as NMR, TGA, TEM, and XPS. 
After the synthesis of Me-EG3-AuNPs, they were subsequently subjected to a place 
exchange reaction in the presence of Diaz-EG4-SH (5) in a mixture of acetone and 
methanol. In a typical exchange reaction, Me-EG3-AuNPs (100 mg) and Diaz-EG4-SH 
(20 mg) were stirred in a mixture of MeOH: acetone (8: 2). After 10 minutes solvent was 
removed under reduced pressure to stop the exchange reaction and form a film. The film 
was then washed with cyclohexane to remove any unreacted thiol 5 or any disulfide that 
might have formed during the synthetic procedure. Initially, the success of the place 
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exchange reaction was confirmed by means of 
19
F and 
1
H NMR spectroscopy. The 
1
H 
NMR spectrum of the Diaz-EG4-AuNPs (recorded in D2O) exhibits the expected broad 
peaks at H: 3-4.2 ppm due to the methyl and methylene groups present in the triethylene 
glycol chains. In addition, after the place exchange reaction, three broad peaks appear in 
the aromatic region (H: 6.5, 6.9 and 7.2 ppm). These new signals can be assigned to the 
aromatic protons of the 3-aryl-3-(trifluoromethyl) diazirine moiety, when the 
1
H NMR 
spectrum of the Diaz-EG4-AuNPs is compared to the corresponding spectrum of the free 
diazirine thiol 5 (Figure  3.1). In addition the signals at 1.6 and 2.7 ppm present in the free 
thiol spectrum, which are respectively due to the thiol proton (SH) and methylene group 
alpha to the sulfur (CH2-SH), disappear after the place exchange reaction which further 
confirms binding of the sulfur to the gold. Also important is the lack of any sharp signals 
in the 
1
H NMR spectrum of the final AuNPs. This confirms the effectiveness of the 
washing protocol in removing any unbound thiol 5 or disulfide.  
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Figure ‎3.1. A: 1H NMR spectrum of the Me-EG3-AuNPs; B and D: 
1
H and 
19
F NMR spectra of 
the Diaz-EG4-AuNP (recorded in D2O). C and E: 
1
H and 
19
F NMR spectra of the Diaz-EG4-SH 
(recorded in CDCl3). * indicates residual H2O. 
 
Through the integration of either of the three signals in the aromatic region relative 
to the integration of the peak at 3.3 ppm that corresponds to the three protons of the 
methyl group of the Me-EG3-S- ligands, it was possible to determine that the 15% of the 
protecting ligands are comprised of the Diaz-EG4-S-, while the 85% consist of Me-EG3-
S-. It is noteworthy that while these AuNPs are soluble in organic media, our goal is to 
balance the extent of diazirine ligand incorporation while maintaining water solubility.  
The composition 85: 15 allows the amphiphilic property of the AuNP to be retained and 
therefore permit the subsequent photochemical modification in either organic or aqueous 
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media. Longer exchange reaction time leads to a higher incorporation of Diaz-EG4-SH 
ligands onto the gold core (>20%), but results in a significant decrease in the water 
solubility of the final particles. Also, the choice of solvent for the place exchange reaction 
has a major effect on the solubility of the final AuNPs. Because the thiol exchange 
reaction (to the extent that it does not harm the water solubility) happens in a matter of 
minutes, we used acetone-methanol mixture, which allows faster and more efficient 
removal of the free thiols after the place exchange. 
Due to the presence of the CF3 group, further characterization of the particles can 
be achieved using 
19
F NMR spectroscopy. The fluorine atoms of the CF3 group give rise 
to a signal at -66.7 ppm when NMR spectrum is measured in D2O or -65.2 ppm when 
measured in CDCl3 which confirms the incorporation of the diazirine functionality onto 
the gold core. (Figure  3.1 C). Additionally, the fluorine signal can be later employed to 
follow the photo-modification reactions of Diaz-EG4-AuNPs. It is important to note that 
the NMR spectra of the Diaz-EG4-AuNPs were collected in D2O in order to demonstrate 
their excellent water solubility. However, the corresponding Diaz-EG4-SH is 
characterized in CDCl3 mainly because of their lower solubility in water. The slight 
difference in the chemical shifts of the fluorine signals (-65.1 vs. -66.7 ppm) in the free 
thiol and Diaz-EG4-AuNPs is only due to the solvent effects. 
From TGA data we can obtain information about the quantity of the organic ligands 
attached to the gold core. Both Me-EG3-AuNPs and Diaz-EG4-AuNPs were examined 
using TGA. Comparison of the two TGA profiles confirms the presence of the diazirine 
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moiety. The total mass loss for Me-EG3-AuNP is 35.7% when heated from 25-750 °C. 
However, in case of Diaz-EG4-AuNP the total mass loss is 42.3% and the first mass loss 
observed at ~ 100 °C is 6.6% of the total mass loss (calculated from the ratio of the peak 
areas in the first derivative of the TGA curve, Figure  3.2, left graph). Assuming all this 
mass loss at ~ 100 °C is due to the nitrogen extrusion from the diazirine ring, the ratio of 
the diazirine ligands to the triethylene glycol ligands will be 15:85 which is consistent 
with the 
1
H NMR analysis. Using the TGA and TEM data, and assuming that the gold 
core has a spherical shape, we can determine a simplified formula of Au400(S-EG4-
Diaz)40(S-EG3-Me)230 for the Diaz-EG4-AuNPs. 
 
 
Figure ‎3.2. TGA graphs of Me-EG3-AuNP (dashed line) and Diaz-EG4-AuNP (solid line): Mass 
loss curves (left) and the first derivative of the mass loss curves (right). 
 
XPS analysis further confirmed the successful preparation of Diaz-EG4-AuNPs and 
the ratio between the two different ligands on the gold core (Figure  3.3).  The Au 4f7/2 
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core line appears at 84.3 eV that is shifted to a binding energy higher than that of the bulk 
gold  (83.95 eV) due to particles size effects.
23
 The S 2p core line shows the presence of 
two major components, the S 2p3/2 at 162.8 eV and S 2p1/2 at 164.0 eV, in a 2:1 spin orbit 
splitting ratio for the Au-S bonds.
24
 Finally, the high-resolution scan of C 1s peak, F 1s 
peak and N 1s confirmed the presence of diazirine functional group on the gold core.  
The C 1s core line shows the appearance of a component at 292.8 eV typical of the CF3 
group. The F 1s core line also shows the emergence of a peak at 688.4 eV. From the 
molecular structure of the two ligands that surround the gold core and from the relative 
percentages of the C 1s component at 292.8 eV and that at 286.3 eV related to the C-O of 
the ethylene glycol units of both the ligands, the composition of the organic layer 
protecting the gold core can be estimated with good precision. Through this independent 
method we could confirm that 15 ± 2 % of the ligands are Diaz-EG4-S- that was also 
estimated from the integration of the 
1
H NMR spectrum. See supporting information for 
details of calculation. 
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Figure  3.3. High resolution XPS spectra of Me-EG3-AuNP and Diaz-EG4-AuNP. 
 
 
Binding Energy (eV)
282284286288290292294296298
C-C, C-H
C-OH, C-O-C
CF3
Binding Energy (eV)
828486889092
Binding Energy (eV)
160162164166168170172
S 2p1/2 Au-S
S 2p3/2 Au-S
Binding Energy (eV)
675 680 685 690 695 700
C 1s
Diaz-EG4-AuNPs
Binding Energy (eV)
390395400405410
N 1s
Diaz-EG4-AuNPs
S 2p
Diaz-EG4-AuNPs
Au 4f
Diaz-EG4-AuNPs
F 1s
Diaz-EG4-AuNPs
Binding Energy (eV)
282284286288290292294
C-C, C-H
C-OH, C-O-C
C 1s
Me-EG3-AuNPs
   116 
 
Photochemical modification of Diaz-EG4-AuNPs through carbene insertion 
reactions 
The UV-Vis spectrum of the Diaz-EG4-SH exhibits an absorption band around 350 
nm due to the presence of the diazirine ring (see supporting information, Figure S 3.11). 
Upon irradiation of Diaz-EG4-AuNPs with a medium pressure Hg lamp (λ > 300 nm), the 
diazirine loses N2 and generates a highly reactive carbene which can then undergo 
insertion (into X-H bonds) or addition (to alkenes) reactions. At least a certain percentage 
of the irradiated diazirine forms the diazo compound (as can be observed in Figure  3.4). 
However, further irradiation of the diazo isomer will lead to the generation of the carbene 
as well. The course of photochemical reactions can be monitored using 
19
F NMR 
spectroscopy through the disappearance of the signal at -65 ppm (corresponding to the 
CF3 of the diazirine) and the appearance of new signals in the 
19
F NMR spectrum. 
To demonstrate that we can further modify the nanoparticles using the diazirine 
functionality as a template, we studied the photolysis of Diaz-EG4-AuNPs in the presence 
of different carbene trapping agents. As a simple proof of concept, we chose methanol as 
our first carbene scavenger. A solution of Diaz-EG4-AuNPs and methanol in benzene was 
purged with argon for 15 minutes and sealed to avoid any oxygen. The mixture was then 
irradiated at λ > 300 nm and the progress of reaction was monitored using 19F NMR 
spectroscopy. Through the photochemical reaction of methanol with the diazirine 
modified AuNPs (Figure  3.4)  
19
F NMR spectrum exhibits three distinct signals: i) the 
signal at -66.7 ppm which is due to the parent diazirine and decreases in intensity over 
   117 
 
time, ii) the signal at -58 ppm can be attributed to the diazo intermediate formed upon 
photolysis (see Scheme  3.1).
11,15
  This peak initially grows and then disappears upon 
continued irradiation, iii) the signal at -77.9 ppm that emerges due to the insertion of the 
carbene into O-H bond and increases in intensity as the reaction moves towards 
completion.
11,15
   No C-H insertion product was observed, as the 
19
F NMR spectrum 
showed only a single signal after reaction completion. 
 
 
Figure ‎3.4. 19F NMR spectrum of Diaz-EG4-AuNPs in methanol during photolysis at different 
times A) t = 0 B) t = 90 mins C) t = 12 h. 
 
To prove that we can obtain a clean insertion reaction product if O-H bonds are 
available, we repeated the same photochemical protocol for acetic acid as another model 
reaction. Ethyl vinyl ether was also used as a model to examine the reactivity of the 
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photo-generated carbene towards alkenes. All the products were characterized using 
1
H 
and 
19
F NMR spectroscopy which showed a complete conversion of Diaz-EG4-AuNPs to 
the corresponding insertion products. 
19
F NMR spectra showed complete conversion to 
the desired products as the signal at -66.7 disappeared and new signals appeared 
depending on the substrate used (Figure  3.5). In the case of insertion into methanol the 
product has a F appearing at -77.9 ppm, insertion into the alkene of ethyl vinyl ether 
gives two signals at -63.5 and -69.4 due to the two diastereomers formed on insertion to 
form the cyclopropane, and insertion into the O-H of acetic acid exhibits a signal at -77.5 
ppm.
11,15 
The formation of the products was also confirmed by the appearance of new 
peaks in 
1
H NMR spectra (See supporting information). While photochemical 
modification proceeds efficiently, due to the increase in the organic character of the target 
molecules, solubility of the AuNPs changed after the photochemical reactions. Water 
solubility of the particles decreased, while they remain perfectly soluble in other polar 
solvents such as methanol or acetonitrile. To address this solubility issue and to obtain 
clear signals in the NMR spectra with a high signal to noise ratio we conducted all the 
NMR measurements in deuterated methanol. 
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Figure ‎3.5. Cartoon representation of Diaz-EG4-AuNP (A) and its carbene insertion products( 
left) and their 
19
F NMR spectra (right): B) Methanol; C) Ethyl vinyl ether and D) Acetic acid. 
 
It has been previously reported that the photo-generated carbene from Aryl-3-
(trifluoromethyl)-diazirine is highly reactive towards O-H bonds.
14,15
 Carbohydrates are 
one of the most common biomolecules in living cells with available O-H bonds for 
insertion of the carbene. Carbohydrate functionalized gold nanoparticles have gained 
great attention as drug delivery vehicles and cellular probes. Such materials have been 
used as biolabels for the study of carbohydrate-carbohydrate or carbohydrate-protein 
interactions.
23,24
 To explore the ability of the reactive carbene to serve as a template to 
modify the AuNPs in aqueous solutions we used non-derivatized mannose as a proof of 
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principle. Mannose is a carbohydrate with numerous accessible hydroxyl groups for the 
reaction with carbene.  In a typical experiment, a solution of Diaz-EG4-AuNPs and 
excess mannose in milliQ water was purged with argon for 15 minutes and then irradiated 
in a pyrex vessel (λ > 300 nm). The progress of photolysis was followed using 19F NMR. 
When a concentrated solution of AuNPs (10 mg of AuNPs in 1 mL of milliQ water) was 
used for photolysis, 
19
F NMR spectrum showed formation of the azine as the major 
product (F = -67 ppm) resulting form reaction of a carbene with a diazo intermediate and 
the minor product of insertion into O-H bonds of mannose (F = -77 ppm). When a more 
dilute solution (10 mg of AuNPs in 10 ml of milliQ water) was prepared to prevent any 
dimerization a signal at -77 ppm appeared as the major component, which can be 
attributed to the desired product of the insertion into the hydroxyl groups of the mannose. 
However, water insertion also occurred to some extent that can be verified by the signal 
at F = -79 ppm (Figure  3.6).
11 
Although these results demonstrate that we can construct 
mannose capped AuNPs through photochemical reaction of diazirine, the efficiency of 
such reactions are lower due to the lower reactivity of the mannose OH and the 
unspecific reactivity of the carbene towards each other or solvent molecules in their 
vicinity. 
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Figure ‎3.6. Cartoon representation of photolysis of Diaz-EG4-AuNP in the presence of mannose 
and the formation of the desired insertion product (right) and 
19
F NMR spectra of the reaction 
products in different concentrations (left). 
 
To study the effect of UV irradiation on the size of the particles we used TEM. The 
average size of the Diaz-TEG-AuNPs was measured to be 2.3 ± 0.5 nm before photo-
modification. As Figure  3.7 shows, there is no distinct change in the size or shape of the 
gold core after photolysis and the average size is 2.3 ± 0.7 nm after surface modification. 
This confirms that UV irradiation has no effect on the size of the particles. 
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Figure ‎3.7. TEM images of A) Me-EG3-AuNP B) Diaz-EG4-AuNP and the insertion products of 
Diaz-EG4-AuNP with C) Methanol D) Acetic Acid E) Ethyl vinyl ether. 
 
3.3 Conclusion 
In this work, we have described the synthesis and characterization of small water 
and organic soluble diazirine functionalized AuNPs. The Diaz-EG4-AuNPs were 
characterized through 
1
H and 
19
FNMR spectroscopy, TGA, TEM, and XPS and the 
amount of diazirine functionality on the corona was estimated with good precision 
through two independent methods (15% of the total ligands). In particular we 
demonstrated that XPS is a powerful tool for quantifying the newly introduced moieties 
after a place exchange reaction with rather high precision. The unique feature of Diaz-
EG4-AuNPs is their amphiphilic character, which expands their potential applications. 
Due to the presence of the diazirine moiety, these AuNPs generate a highly reactive 
20 nm
A B
C D E
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carbene upon photolysis. We have demonstrated here that the diazirine functionality can 
act as an effective template that can be used for further modification of AuNPs through 
insertion reactions with O-H and C=C bonds, while maintaining their solubility in polar 
solvents. 
 
3.4 Experimental 
General compounds and instrumentation 
The compounds hydrogen tetrachloroaurate (III), sodium borohydride, triethylene 
glycol monoethyl ether, tetraethylene glycol, 4-dimethylamino pyridine (DMAP), 
potassium thioacetate, p-toluenesulfonyl chloride, 3-bromoanisole, n-butyllithium, 
hydroxylamine hydrochloride, silver nitrate (I), boron tribromide, ethylvinyl ether were 
purchased from Sigma Aldrich and used as received. Deuterated water (D2O), deuterated 
chloroform (CDCl3) and deuterated methanol (CD3COD) (Cambridge Isotope 
Laboratories) were all used as received. All common solvents, triethyl amine, dry 
methanol, hydrochloric acid and sodium hydroxide were purchased from Caledon 
Laboratories Ltd. Glacial acetic acid (99.7%) was purchased from BDH. 
1
H, 
13
C and 
19
F {
1
H} NMR spectra were recorded on either a Varian Inova 400 
MHz or a Varian Mercury 400 MHz spectrometer. Thermo Gravimetric Analysis (TGA) 
measurements were recorded by loading the sample in 70 µL ceramic crucible and 
heating from 25-750 °C with a rate of 10 °C min
-1
. The experiments were performed 
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under a nitrogen flow of 70 ml min
-1
 in a Mettler Toledo TGA/SDTA 851 instrument.  
Transmission electron microscopy (TEM) images were recorded from a TEM Philips 
CM10. The TEM grids (Formvar carbon film on 400 mesh copper grids) were purchased 
from Electron Microscopy Sciences and prepared by drop casting solution of 
nanoparticles directly onto the grid surface.  UV-Vis spectra were collected employing a 
Varian Cary 300 Bio spectrometer. Mass spectrometry measurements were carried out 
using a Micro mass LCT (electrospray time-of-flight) mass spectrometer. The XPS 
analyses were carried out with a Kratos Axis Ultra spectrometer using a monochromatic 
Al K(alpha) source (15mA, 14kV). The instrument work function was calibrated to give a 
binding energy (BE) of 83.96 eV for the Au 4f7/2 line for metallic gold and the 
spectrometer dispersion was adjusted to give a BE of 932.62 eV for the Cu 2p3/2 line of 
metallic copper. Specimens were mounted on a double sided adhesive tape and the Kratos 
charge neutralizer system was used on all specimens. Survey scan analyses were carried 
out with an analysis area of 300 x 700 microns and pass energy of 160 eV. High 
resolution analyses were carried out with an analysis area of 300 x 700 microns and pass 
energy of 20 eV. Spectra have been charge corrected when needed to the main line of the 
carbon 1s spectrum set to 285.0 eV for aliphatic carbon. Spectra were analyzed using 
CasaXPS software (version 2.3.14). 
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Synthetic details 
Compound 1 
  All steps in the preparation of 1 were performed in accordance with the literature 
procedure.
15
 Briefly, reaction of 3-bromoanisole with n-butyl lithium gave the aryl 
lithium which was subsequently converted to the corresponding ketone, 2,2,2-trifluoro-1-
(3-methoxyphenyl)ethanone, using diethyl trifluoroacetamide. Addition of 
hydroxylamine hydrochloride to this product yielded an oxime. The oxime was converted 
to p-tolylsulfonyl oxime and then oxidized to give the 3-(3-methoxyphenyl)-3-
(trifluoromethyl)-3H-diazirine. Later it was treated with boron tribromide at 0 °C to give 
the corresponding phenol, 3-(3-hydroxyphenyl)-3-(trifluoromethyl)-3H-diazirine 1. 
1
H 
NMR (CD3Cl, 400 MHz):  (ppm): 6.69 (s, 1H), 6.77 (d, 1H), 6.94 (dd, 1H), 7.31 (t, 
1H), ppm. 
19
F {
1
H} (400 MHz, CDCl3): -65.6 ppm. 
Compound 2 
 Compound 2 was synthesized according to the literature procedure 
21
 by the 
addition of triethyl amine and dimethylaminopyridine (DMAP) to a solution of 
tetraethylene glycol. 
1
H NMR (CDCl3, 400 MHz)  (ppm): 2.45 (singlet, 6H), 3.57 
(multiplet, 8H), 3.68 (triplet, 4H, J=8Hz), 4.16 (triplet, 4H, J=8Hz), 7.34 (multiplet, 4H), 
7.80 (multiplet, 4H). 
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Compound 3 
 To 4.1 g (8 mmol) of 2 was added 0.45 g (2.2 mmol) of 1 and they were dissolved 
in 100 ml of dry acetone. After the solution was purged with argon for 15 minutes, 370 
mg (2.7 mmol) of potassium carbonate was added quickly. The final mixture was purged 
for 10 more minutes with argon. The reaction solution was stirred under inert atmosphere 
for 72 hours at room temperature. After reaction completion, acetone was evaporated. 
Next, the residue was partitioned between water (10 ml) and dichloromethane (20 ml). 
The organic layer was washed with water (3x10), dried over MgSO4, filtered and 
concentrated. The crude product was used in the next step without further purification. 
1
H 
NMR (400 MHz, CDCl3)  (ppm); 2.4 (s, 3H), 3.6-3.7 (m, 10H), 3.8 (t, 2H), 4.0-4.1 (m, 
4H), 6.7 (s, 1H), 6.7 (d, 1H), 6.9 (dd, 1H), 7.2 (t, 1H), 7.3 (d, 2H), 7.8 (d, 2H); 
19
F {
1
H} 
NMR (400 MHz, CDCl3)  (ppm); -65.2. 
Compound 4 
To 780 mg (1.46 mmol) of compound 3 was added 217 mg (1.9 mmol) of 
potassium thioacetate and then they were dissolved in 25 ml of acetone and refluxed at 50 
°C overnight. After reaction completion, the mixture was filtered and the solvent was 
evaporated.  The residue was partitioned between water (10 mL) and dichloromethane 
(20 ml). The organic layer was washed three times with brine and dried over MgSO4. 
After filtration, the solvent was evaporated to afford 4. Purification of the crude product 
by column chromatography (1:1 ethylacetate: hexanes) gave 4 in quantitative yield as 
yellow oil. 
1
H NMR (400 MHz, CDCl3)  (ppm); 2.3 (s, 3H), 3.1 (t, 2H), 3.6-3.7 (m, 
   127 
 
10H), 3.9 (t, 2H), 4.1 (t, 2H), 6.7 (s, 1H), 6.8 (d, 1H), 6.9 (dd, 1H), 7.3 (t, 1H); 
13
C NMR 
(400 MHz CDCl3); 28.8, 30.5, 41.7, 67.5, 69.5, 69.7, 70.3, 70.5, 70.6, 70.8, 113.0, 115.7, 
118.8, 129.9, 130.4, 158.9, 195.4; 
19
F {
1
H} NMR (400 MHz, CDCl3)  (ppm); -65.2; m/z 
(C18H23F3N2O5S) calculated: 436.128, found: 436.127. 
Synthesis of Compound 5 
Dry methanol (2 mL) was used to dissolve 60 mg (0.2 mmol) of compound 4 and 
the solution was purged with argon for 15 minutes. In a separate flask, 120 µl of 1 M 
NaOH solution in EtOH was purged with argon for 15 minutes. Using a cannula, the base 
solution was transferred to the methanol solution and the reaction mixture was stirred 
under inert atmosphere for 45 minutes. In the meantime, 250 µl of 1 M HCl in miliQ 
water was purged with argon in a third flask for 15 minutes. After the 45 minute period, 
the acid solution was transferred to the reaction mixture using a cannula. The solution 
was then stirred for 10 minutes under argon. Next, the reaction was stopped and the thiol 
was extracted with dichloromethane. After 3 consecutive extractions, all the combined 
organic phases were dried over MgSO4. After filtration, the solvent was removed under 
reduced pressure to afford compound 5 as yellow oil in quantitative yield. 
1
H NMR (400 
MHz, CDCl3)  (ppm);1.6 (t, 1H), 2.7 (q, 2H), 3.6-3.7 (m, 10H), 3.9 (t, 2H), 4.1 (t, 2H), 
6.7 (s, 1H), 6.8 (d, 1H), 6.9 (dd, 1H), 7.3 (t, 1H); 
13
C NMR (400 MHz CDCl3); 28.2, 
29.0, 67.4, 69.3, 69.4, 69.9, 70.1, 70.3, 112.7, 115.7, 118.4, 129.9, 130.1, 159.3, 195.6; 
19
F {
1
H} NMR (400 MHz, CDCl3)  (ppm); -65.2. HRMS m/z for (C16H21F3N2O4S) 
calculated: 394.117, found: 394.116. 
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Preparation of Diazirine modified AuNPs (Diaz-EG4-AuNPs) 
Diazirine modified AuNPs were synthesized through a place exchange reaction. 
First, triethylene glycol monomethyl ether AuNPs (Me-EG3-AuNPs) were synthesized in 
accordance with our previously reported procedure.
[21]
 Next, to introduce the diazirine 
tetraethylene glycol thiol ligands onto the nanoparticle shell, 5 mg of freshly prepared 
thiol 5 was dissolved in 1 ml of MeOH : acetone (8 : 2). This solution was then added to 
a solution of Me-EG3-AuNPs (25 mg in 10 ml of MeOH: acetone (8: 2). After vigorously 
stirring the reaction mixture for 10 minutes, the solvent was evaporated to form a film of 
nanoparticles. This film was washed with cyclohexane (x3) to remove the excess 
diazirine thiol 5. 
1
H NMR (400 MHz, D2O)  (ppm); 3.1-3.4 (broad), 3.5-4.2 (broad), 
6.5-6.6 (broad), 6.8-7.0 (broad), 7.1-7.3 (broad); 
19
F {
1
H} NMR (400 MHz, D2O)  
(ppm); -65.7. 
Photochemical modification of Diaz-EG4-AuNPs 
Diaz-EG4-AuNP (10 mg) was dissolved in 10 mL benzene and 10 eq of the target 
substrate (methanol, ethylvinyl ether or acetic acid) was added. The mixture was 
transferred to a Pyrex flask (filters light below 300 nm) and purged with argon for 15 
minutes. The sample was then irradiated using a medium pressure mercury lamp 
(Hanovia S9 PC 451050 /805221), which was contained in quartz water jacket, 
approximately 10 cm from the flask. After reaction completion, (time for disappearance 
of diazirine, followed by 
19
F NMR spectroscopy) all the solvent was evaporated to form a 
film of nanoparticles. The film was then washed with cyclohexane (x3) to remove any 
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unreacted substrate from the modified AuNPs. Over the course of reaction, in the 
19
F 
NMR spectra the signal at -65 ppm, which is representative of the CF3 group of the 
diazirine, gradually disappeared and a new signal appeared corresponding to the product 
formed via the carbene insertion. 
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3.6 Supporting Information 
This section contains the data to support the work carried out in chapter three of this 
thesis. It includes NMR spectra and UV-Vis spectra of Me-EG3-AuNP, Diaz-EG4-AuNP 
and all the photochemically prepared products, deconvolution of the TGA graph of Diaz-
EG4-AuNP and calculations made based on the high resolution XPS spectra to calculate 
the ratio of the two ligands on the gold core. 
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Figure S‎3.1. 1H NMR spectrum of Me-EG3-AuNP in D2O. 
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Figure S‎3.2. 1H NMR spectrum of Diaz-EG4-AuNP in CDCl3. 
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Figure S‎3.3. 1H NMR of the insertion product of Diaz-EG4-AuNP into methanol, recorded in 
CD3OD. 
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Figure S‎3.4. 19F NMR spectrum of the insertion product of Diaz-EG4-AuNP into methanol, 
recorded in CD3OD. 
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Figure S‎3.5. 1H NMR spectrum of the insertion product of Diaz-EG4-AuNP into acetic acid, 
recorded in CD3OD. 
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Figure S‎3.6. 19F NMR spectrum of the insertion product of Diaz-EG4-AuNP into acetic acid, 
recorded in CD3OD. 
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Figure S‎3.7. 1H NMR spectrum of the insertion product of Diaz-EG4-AuNP into ethyl vinyl ether, 
recorded in CD3OD 
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Figure S‎3.8. 1H NMR spectrum of the insertion product of Diaz-EG4-AuNP into ethyl vinyl ether, 
recorded in CD3OD 
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Figure S‎3.9. 19F NMR of the insertion product of Diaz-EG4-AuNP into H2O, recorded in CD3OD 
 
 
Figure S‎3.10. First derivative of the TGA graph of Diaz-EG4-AuNPs (blue dashed line), fit 1 
(purple), fit 2(red), fit 3 (green), sum of fits (blue solid line). 
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By fitting 3 functions into the TGA diagram and using ratio of fit 1 to the sum of fits, we 
calculated the mass loss in the first step (loss due to the nitrogen extrusion) to be 6.6% of 
the overall mass loss. 
Determining composition of the AuNPs corona from XPS data 
 The percentage of carbon corresponding to the C*F3 is 1.2%, while the one 
corresponding to the C*-O (common to both ligands) is 49.5%. Because of the ligand 
structures, the percentage of diazirine functionalities is proportional to the number of 
CF3-terminated ligands (Diaz-EG4-S), while the percentage of C-O is related to the 
percentage of the two ligands. 
1.2 = [-C*F3] = [Diaz-EG4-S] (% of Diazirine-terminated ligands)         
49.5 = [C*-O] = 6[Me-EG3-S] + 8[Diaz-EG4-S] 
(6 = number of C*-O per each Me-EG3-S ligand and 8 = number of C*-O per each Diaz-
EG4-S ligand)  
[Me-EG3-S] = (49.5 – 9.6) / 6 = 6.65 (% of Me-EG3-S ligands) 
The relative % of the two ligands and the composition of the corona can now be easily 
calculated: 
(1.2 * 100)/ (6.65+1.2) = 15.3 (% of Diaz-EG4-S on the corona) 
100-15.3 = 84.7 (% of Me-EG3-S on the corona) 
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Figure S‎3.11. UV-vis spectra of Diaz-EG4-SH (orange), Me-EG3-AuNP (dark blue), Diaz-EG4-
AuNP (red), and insertion products of Diaz-EG4-AuNP with methanol (green), ethyl vinyl ether 
(purple), acetic acid (light blue). 
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Chapter 4  
 
4 Water Soluble Maleimide Modified Gold 
Nanoparticles (AuNPs) as a Platform for 
Cycloaddition Reactions 
 
 This chapter has been accepted for publication as a full paper. The corresponding 
reference is: Sara Ghiassian, Pierangelo Gobbo and Mark S. Workentin, Eur. J. 
Org. Chem. 2015, DOI: 10.1002/ejoc.201500685. 
 All the experimental work reported in chapter 2 was carried out by Sara Ghiassian 
under the supervision of Dr. Workentin. The manuscript was initially drafted by 
Sara Ghiassian and Dr. Workentin provided assistance with editing and final 
preparation. 
 All of the schemes, figures, and text in Chapter 4 reprinted with permission from 
John Wiley and Sons. 
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4.1 Introduction 
Maleimides are important building blocks in organic synthesis and materials 
science, frequently employed in Michael addition, 1,3-dipolar cycloaddition or Diels-
Alder reactions. Maleimide thiol/amine Michael addition has been utilized in the 
synthesis of cross linked polymers 
1
 such as hydrogels,
2
 thermoset resins,
3
 and coatings.
4
  
Furthermore, owing to the high yield and excellent selectivity of maleimide with thiols 
under physiological conditions, such chemistry is frequently employed for the surface 
immobilization of biomolecules.
5-7
 There have been reports of methods for immobilizing 
biologically active ligands onto self-assembled monolayers of alkanethiolates on gold 
(SAMs). Mrksich et al. reported that SAMs presenting a maleimide functional group can 
be conveniently used for the preparation of biochips upon reaction with thiol-modified 
biologically active ligands.
8
 A maleimide group at the interface of a AuNP would allow 
for the exploitation of this type of reactivity in the use of the nanoparticle in applications 
such as drug or substrate delivery or as an optical marker for diagnostics in biological 
systems.
9-10
  
The 1,3-dipolar cycloaddition is a highly useful reaction in generating a variety of 
structurally different heterocycles that can be desirable in pharmaceutics.
11,12
 Of 
particular importance for synthetic purposes are the 1,3-dipolar cycloaddition reactions of 
nitrones which can lead to a variety of products by further manipulations of the initially 
formed isoxazolidine.
13
  Furthermore, there are reports of 1,3-dipolar cycloadditions for 
polymer modification,
14,15
 generation of nano-structured semiconductors,
16
 surface 
modification of ordered mesoporous carbons,
17
 synthesis of fluorescent single-walled 
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carbon nano-tubes, which is used for the diagnosis and controlled drug delivery in 
medical field 
18
 and  synthesis of modified DNA and RNA as molecular diagnostic 
tools.
19-21
 
Another cycloaddition reaction that can be achieved using a maleimide platform is 
the Diels Alder reaction, which is without a doubt one of the most versatile carbon-
carbon bond forming reactions. Such chemistry is very important in natural product 
synthesis, as this often involves polycyclic compounds with many chiral centers, and a 
Diels Alder reaction is often the only feasible route to these types of structures.
22,23
 
Furthermore, synthesis of macromolecules with advanced architectures can be achieved 
through the Diels Alder strategy.
24 
 
 
Scheme ‎4.1. Cartoon representation of Mal-EG4-AuNPs and their versatile interfacial reactions: 
Michael addition (red), Diels Alder (blue), and 1,3-dipolar cycloaddition (green). 
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These are just a few of many applications that having a maleimide functional group 
present, can offer. In 2006, we reported the functionalization of AuNPs with thiols 
bearing maleimide moieties.
25
 The reactivity of these organic solvent-soluble 
Maleimide/dodecane thiol-AuNPs was subsequently examined towards the Michael 
addition reaction,
26
 the 1,3-dipolar cycloaddition,
27
 and the Diels-Alder cycloaddition.
28
 
Although this contribution was an important step forward for their use as a template for 
building new architectures, it was limited to the use of a narrow range of organic solvents 
for further modification of AuNPs, while requiring long reaction times. To improve the 
reaction kinetics high pressure reaction conditions (11000 atm) were employed. Taking 
advantage of the negative activation volumes for such reactions resulted in notably 
shrinking the reaction times from days/weeks to minutes.
26-28
 However, the fact that one 
would require a specific type of apparatus to reach such high pressures, limits the use of 
this method. Also, when it comes to the use of very delicate biological click partners, this 
method might not be as feasible.  
Extending this methodology to water and polar solvent soluble AuNPs is 
advantageous as this will broaden the use of such AuNPs for applications where one is 
not limited to use of non-polar organic solvents only. However, use of maleimide in 
aqueous solutions is not without its challenges because the maleimide is prone to 
hydrolysis.
29
 
Herein, we present a functionalization strategy via cycloaddition reactions to 
overcome these shortcomings using water soluble maleimide functionalized AuNPs. 
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Recently our group reported an efficient method to prepare small water-soluble 
maleimide functionalized AuNPs utilizing a retro-Diels-Alder strategy based on the 
reversible cycloaddition reaction between furan and maleimide that avoids the hydrolysis 
of the maleimide as a complication.
29
 The inherently broad substrate and solvent 
tolerance of this reaction makes it an ideal tool for the functionalization of nanomaterials 
and biomolecules.
30,31
 In regards to maleimide functionalities, while Michael addition has 
been extensively studied, Diels Alder and 1,3-dipolar cycloaddition reactions have 
remained rather unexplored.  In the present publication, we report the modification of 
small water soluble maleimide functionalized AuNPs surfaces by use of the Diels Alder 
and 1,3-dipolar cycloaddition reactions. The approach offers an excellent system to 
modify the surface of AuNPs with many different reactive partners, starting from a single 
nanoparticle derivative that serves as a template for these types of reactions. Here we 
demonstrate the versatility of this approach using a small library of nitrones and dienes. 
We can take advantage of organic solvent solubility of these nanoparticles to avoid 
hydrolysis by carrying out all the interfacial reactions in polar organic media. The yields 
of all transformations are very high, and the reaction time is shorter than that of organic 
soluble Maleimide/dodacane thiol-AuNPs previously reported.
27,28
 All the AuNPs and 
cycloadducts remain soluble in water and a host of organic solvents. As illustrated in 
Scheme  4.1, the Michael partner, diene or nitrone can be incorporated into diverse range 
of substrates, expanding the scope of the utility of these maleimide modified AuNPs. 
These groups, illustrated as geometric shapes in Scheme  4.1, can be small molecules, 
biomolecules, redox active species, or other nanomaterials to name a few. Hence one can 
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take advantage of this versatile organic synthetic procedure utilizing maleimide gold 
nanoparticle template, to build a variety of novel architectures. 
 
4.2 Results and Discussion 
Our approach to prepare maleimide functionalized AuNPs is shown in Figure  4.1. 
This methodology involves synthesis of methyl terminated triethylene glycol monolayer 
protected AuNPs (Me-EG3-AuNPs). The methyl-terminated EG3 ligands were selected as 
the base ligand on the nanoparticles because they impart both water and organic solvent 
solubility.
29
 This is important because it enables us to prepare the Maleimide modified 
AuNPs (Mal-EG4-AuNPs) under conditions that avoid water and the consequential 
undesired hydrolysis reaction of the maleimide moiety. This is very important when 
working with maleimide, as water can attack either of the two carbons of the imido 
group. Hence, maleimide functional groups gradually begin to hydrolyze into the non-
reactive maleamic/maleic acid form.
29,32 
The required Me-EG3-SH (compound 1) and furan-protected tetraethylene glycol 
maleimide thiol (FP-Maleimide-EG4-SH, compound 2) ligands were synthesized starting 
from the readily available triethylene glycol monomethyl ether (Me-EG3-OH) and 
tetraethylene glycol (HO-EG4-OH), respectively following the previously reported 
procedures.
29
 It is noteworthy that the maleimide ligand was synthesized with one more 
ethylene glycol unit than the base ligand to lower the steric hindrance on the maleimide 
functionality and make it more prone to reactivity. The Me-EG3-AuNPs base 
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nanoparticles were synthesized using a modified one-phase synthesis method according 
to previous reports.
29
 To keep the nanoparticles in the 2-3 nm regime, a ratio of 1:3 (gold: 
thiol) was employed. The Me-EG3-AuNPs were then subjected to place exchange 
reaction in the presence of the FP-Maleimide-EG4-SH. This reaction was carried out in a 
mixture of methanol and acetone as solvent. Protection of the maleimide group is 
necessary in this step due to its reactivity towards the thiol groups present in the reaction 
mixture. Finally, to prepare the desired template Mal-EG4-AuNPs, deprotection of the 
maleimide at the AuNP interface was carried out through the retro Diels-Alder reaction at 
110 °C in toluene/Acetonitrile (95: 5) (Figure  4.1). Purification of the final gold 
nanoparticles was straightforward: the solvent was evaporated to form a film of 
nanoparticles; this film was subsequently washed repeatedly using cyclohexane to 
remove the furan and any residual unbound thiol or disulfide that might be present. 
The Mal-EG4-AuNPs were characterized using transition electron microscopy 
(TEM), UV-vis and NMR spectroscopy. The presence of the maleimide functionality on 
the AuNPs was initially confirmed by 
1
H NMR spectroscopy. The 
1
H NMR spectrum 
recorded in D2O for the FP-Maleimide-EG4-AuNP (Figure  4.1, B) exhibits the expected 
signals for the furan-maleimide adduct: (a) olefinic protons at 6.60 ppm, (b) the protons 
adjacent to the bridged oxygen at 5.25 ppm and (c) the two protons closer to the carbonyl 
groups at 3.07 ppm. After the deprotection reaction and removal of the furan the signals 
corresponding to the Diels-Alder adduct at 6.60, 5.25 and 3.07 ppm disappear along with 
the concurrent appearance of a signal at 6.77 ppm that represents the alkene protons of 
the maleimide (d) (Figure  4.1, C). The 
1
H NMR spectrum showed no indication of the 
   147 
 
double hydrolysis products that would have appeared as a signal at 6.23 ppm due to the 
formation of maleic acid, or the mono hydrolysis product that would have shown two 
doublets at 6.24 and 5.84 ppm due to the formation of maleamic acid.
29
 Through the 
integration of maleimide signal at 6.77 ppm relative to the integration of the peak at 3.38 
ppm that corresponds to the three protons of the methyl group of the Me-EG3-S- ligands 
(e), it is possible to determine that approximately 30% of the protecting ligands are 
comprised of maleimide terminated ligands, while 70% are methyl terminated ones. This 
information allows for a more quantitative approach when following their interfacial 
reactivity in the subsequent steps. 
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Figure ‎4.1. Schematic representation of the synthetic approach towards preparation of Mal-EG4-
AuNPs and the 
1
H NMR spectra of: A) Me-EG3-AuNPs, B) FP-Mal-EG4- AuNPs, and C) Mal-
EG4-AuNPs. * indicates residual H2O. 
 
TEM images reveal that the FP-Mal-EG4-AuNPs are 2.2 ± 0.3 in size. According to 
these images there is no significant change in the size or shape of the gold core after the 
deprotection process as the average size of Mal-EG4-AuNPs is 2.5 ± 0.7 nm. This 
confirms that the nanoparticles retained their structural integrity after being subjected to 
thermal deprotection. (See Figure  4.6, A and B). 
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Subsequently the reactivity of Mal-EG4-AuNPs towards the 1,3-dipolar 
cycloaddition and Diels-Alder reactions was investigated using a series of nitrones and 
dienes. In addition, because of the synthetic complexity of the cycloadducts formed using 
the Mal-EG4-AuNP template, a model compound (methoxytriethylene glycol maleimide, 
compound 3) was prepared that resembles the maleimide thiol incorporated on the 
surface of nanoparticles (Figure  4.2). In case of model reactions, we can easily follow the 
course of reaction using 
1
H NMR spectroscopy observing the disappearance of the 
maleimide olefin protons signal at 6.77 ppm and avoid NMR line broadening and loss of 
multiplicity caused by AuNPs which would hinder the characterization. All reactions 
were carried out under ambient pressure and biological temperature (1 atm, 37 °C).  
The solvent can play a pivotal role in determining the reaction pathway, 
stereoselectivity and rate of reaction. Noteworthy is that, there have been reports of 
substantial to moderate rate enhancements for several Diels Alder and dipolar 
cycloaddition reactions respectively when carried out in water.
33-36
 However, knowing 
that maleimide can gradually hydrolyze in water,
29
 we chose not to work in aqueous 
media to avoid more complicated NMR spectra due to the formation of hydrolysis 
products as well as the desired cycloadducts. To choose the best solvent for our 
experiments, we carried out two specific Diels Alder and 1,3-dipolar cycloaddition 
reactions (1,3-dipolar cycloaddition between Mal-EG4-AuNPs and Nitrone D and Diels 
Alder reaction of Mal-EG4-AuNPs and diene H)   using  a variety of organic solvents 
while keeping all the other parameters constant. When following the reaction progress 
using 
1
H NMR spectroscopy, more polar solvents such as methanol and acetonitrile 
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proved to enhance the kinetics of both cycloaddition reactions to some extent compared 
to less polar solvents such as CH2Cl2 and CHCl3. Based on this information along with 
lower solubility of our cycloaddition partners (nitrones and dienes) in highly polar protic 
solvents (such as water and methanol) we chose acetonitrile as the solvent media for all 
the subsequent cycloaddition reactions. 
 
 
Scheme ‎4.2. The 1,3-dipolar cycloaddition reaction of Mal-EG4-AuNP and model compound 3 
with nitrones A-E to form the corresponding isoxazolidine modified 2-AuNPs and model 
isoxazolidine products 4. 
 
 
 
 
 
5 x
(A-E)
Acetonitrile
Mal-EG4-AuNP 2-AuNP
5 x
(A-E)
Acetonitrile
43
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Table ‎4.1. Time for completion of 1,3-dipolar cycloaddition reactions of Mal-EG4-AuNPs and 
model compound 3 with nitrones A-E under ambient pressure and at 37 °C. 
 
 
Nitrones are one of the most common species for 1,3-dipolar cycloaddition 
reactions owing to their ability to generate isoxazolidines with a high regio- and stereo-
specificity. In the 1,3-dipolar cycloaddition reaction of nitrones with alkenes, up to three 
new contiguous chiral centers can be formed in the adduct. Furthermore, contrary to the 
majority of other 1,3-dipoles, most nitrones are stable compounds that do not require in 
situ formation.
37,38
  To investigate the interfacial 1,3-dipolar cycloaddition of Mal-EG4-
AuNPs, a series of structurally diverse nitrones were synthesized (See Scheme  4.2 and 
Table  4.1) and their reactivity towards 1,3-dipolar cycloaddition with maleimide was 
Nitrone
(4) ( 2-AuNPs)
6 hours 20 hours
2 days 3 days
2 hours 5 hours
30 hours 2 days
4 days 6 days
A
B
C
D
E
(4) (2-AuN )
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evaluated by varying the stereoelectronic and steric character of substituents at both the 
carbon and nitrogen positions of the nitrone group. Since characterization of the 
cycloadducts is crucial to demonstrate the feasibility of our approach, incorporating 
features that can facilitate this step is advantageous. Having aryl groups present on the 
nitrones has the benefit of introducing aromatic protons into the final isoxazolidine 
structure, where the starting Mal-EG4-AuNPs/model compound lack any signals. Hence 
these signals can be exploited in confirming the reaction progress. Furthermore, the 
inductive effect exerted by N-aryl substituted nitrones was found to favor the reactivity 
by enhancing the dipolar nature of the nitrone (Nitrone A or D compared to B). The 
presence of electron-donating substituents affects the dipole character of the nitrones and 
decrease the reactivity (Nitrone B compared to E). Steric hindrance was found to play a 
crucial role. Nitrones with less steric hindrance (such as Nitrone C) work very efficiently 
in 1,3-dipolar cycloadditions. Because of the bulky character of the nanoparticles that 
imposes additional diffusional parameters and limits on the molecular orientation 
required for the reaction, sterically hindered nitrones were found to enhance the 
difference in the reaction kinetic between interfacial reaction and model reaction in 
solution (Nitrone A and D). Finally, it is noteworthy that in case of furan-substituted 
nitrone D which contains both a diene and a nitrone groups available for cycloaddition, 
no Diels Alder adduct of furan with maleimide was detected and it exclusively reacted 
through the 1,3-dipolar cycloaddition to form the corresponding isoxazolidine. 
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Figure ‎4.2. 1H NMR spectra in 5-9 ppm region for the reaction of compound 3 and nitrone D at 
different time intervals. 
 
All of the interfacially prepared cycloadducts (2(A-E)-AuNPs) were compared to 
the corresponding model cycloadducts (4A-4E) using compound 3 as a model maleimide 
molecule. Compound 3 was a useful model to study maleimide’s cycloadditions, because 
it simplifies the analysis of the products by eliminating complications due to NMR line 
broadening and loss of multiplicity caused by the nanoparticles. In a typical reaction one 
8 7 6 5
Chemical Shift (ppm)
t = 0
t = 2h
t = 6h
t = 12h
t = 30h
(3) (D) (4D)
Chemical Shift (ppm)
58 7 6
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equivalent of the Mal-EG4-AuNPs/model maleimide compound 3 was dissolved in d3-
Acetonitrile and five equivalents of the nitrone were added to it. Five times excess 
nitrone was used to ensure reaction completion, meanwhile not overwhelming the NMR 
spectrum to allow using the maleimide functionality signal to follow the reaction 
progress. Noteworthy is that, one can improve the reaction kinetics by introducing more 
excess amounts of the nitrone (>5x) to the system if using NMR to follow the reaction is 
not a concern. For each reaction, the time taken to completely convert the maleimide to 
the corresponding isoxazolidine was determined by recording 
1
H NMR spectra at 
different time intervals. Reaction progress was monitored following the loss of the 
maleimide olefinic signal at 6.77 ppm and the appearance of the new signals related to 
the cycloaddition product. Figure  4.2 illustrates the reaction progress of model compound 
3 and nitrone D. As reaction proceeds the maleimide signal diminishes while new signals 
appear and start to grow corresponding to the isoxazolidine’s protons. The results are 
summarized in Table  4.1. Both interfacial and the model reactions gave the cycloaddition 
product cleanly. As expected all nitrones react much more readily with the model 
maleimide molecule (ranging from hours to days) than towards the Mal-EG4-AuNPs. In 
case of AuNPs, the mobility of functional thiols is limited, causing a pseudo-solid phase 
environment. Therefore the interfacial reactions taking place between interfacial 
functional groups on the nanoparticle and reactants can be substantially different from 
those taking place in a solution. 
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Figure ‎4.3. Representative 1H NMR spectra of: A) Mal-EG4-AuNPs and products from 1,3-
dipolar cycloaddition reaction of  Mal-EG4-AuNPs with nitrone D to yield B) 2D-AuNP as a 
mixture of diastreomers and compound 3 with nitrone D to yield C) 4D-exo and D) 4D-endo 
respectively. * is residual acetonitrile. 
 
Full characterization, including NMR spectra for both model and interfacial 
reaction products for all the nitrones is provided in the supporting information. There are 
two diastereomers, the endo and the exo isomers, expected to form in these 
cycloadditions. In case of the model 1,3-dipolar cycloaddition reactions, these 
diastereomers were separated using preparative TLC and fully characterized by 
1
H and 
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13
C NMR spectroscopy and high resolution mass spectrometry. However, in case of 
interfacially produced isoxazolidines we are unable to separate the endo and exo products 
because they are formed as a mixture on a single AuNP. Figure  4.3 demonstrates a 
representative example comparing the products formed from the model reactions (3 to 4) 
to that on the AuNPs (Mal-EG4-AuNP to 2-AuNP) for nitrone D. After reaction 
completion and removal of the excess nitrone, 
1
H NMR spectrum of the 2D-AuNPs 
(Figure  4.3-B) matches entirely with those of the model 4D (Figure  4.3-C and -D). This 
confirms the modification of AuNPs with nitrone D and formation of the expected 
product.  
The reactivity of the Mal-EG4-AuNPs towards the Diels-Alder reaction was also 
examined using a variety of dienes. As mentioned above, to facilitate the assignment of 
the protons of the 
1
H NMR spectra, the reactions were also carried out using the solution-
phase reaction of model compound 3 with the same dienes under the same reaction 
conditions as those used for AuNP modification to yield compounds 5F-5J. The results 
were then compared to those of the interfacially prepared cycloadducts, to confirm the 
formation of expected structures. To investigate the interfacial Diels Alder reaction of 
Mal-EG4-AuNPs, a series of dienes with different steric and electronic characters were 
employed (See Scheme  4.3 and Table  4.2). As expected, electron rich and less sterically 
hindered dienes reacted much more readily with both the model compound and Mal-EG4-
AuNPs. 
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Scheme ‎4.3. Diels Alder reaction of Mal-EG4-AuNP and model compound 3 with dienes F-J to 
form the corresponding modified 3-AuNPs and model Diels Alder cycloadducts 5. 
 
Table ‎4.2. Time for completion of Diels Alder reactions of Mal-EG4-AuNPs and model 
compound 3 with dienes F-J under ambient pressure and at 37 °C. 
 
 
Similar to 1,3-dipolar cycloadditions, in a typical reaction one equivalent of the 
Mal-EG4-AuNPs/model compound 3 was dissolved in d3-acetonitrile and five equivalents 
of the diene were added to it. The progress of the reactions was monitored by 
1
H NMR 
5 x 
Acetonitrile
53
3-AuNP
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Mal-EG4-AuNP
(F-J)
(F-J)
Diene
(5) (3-AuNPs)
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3 days 7 days
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F
G
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spectroscopy, following the appearance of signals from the cycloadducts and the 
disappearance of the maleimide olefinic proton signal. Figure 4 shows the 
1
H NMR 
spectra for the Diels Alder reaction of compound 3 with diene H at different time 
intervals. Absence of the signal at 6.8 ppm corresponding to the maleimide moiety was 
taken as completion of the reaction. The results for the Diels Alder reactions of all the 
dienes are reported in Table  4.2. This information indicates that the reactions at the AuNP 
interface were always slower than in solution, reaching completion in the time scale of 
days instead of hours. This most likely is due to the bulky character of the AuNPs that 
imposes unique constraints on the orientation required for the reaction to occur causing a 
pseudo-solid phase environment. 
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Figure ‎4.4. 1H NMR spectra for the reaction of compound 3 and diene H at different time 
intervals. 
 
All the Diels Alder reactions produced the expected endo isomer exclusively with 
the exception of diene J which yields a mixture of endo and exo isomers as demonstrated 
by NMR spectroscopy (see supporting information Figure S 4.11). Compounds 5F–5J 
could be characterized more completely via 
1
H and 
13
C NMR spectroscopy and high 
resolution mass spectrometry. 
1
H NMR spectra of all the 3-AuNP cycloadducts obtained 
are provided in the supporting information along with the spectral details of the 
corresponding reaction with the model compound 3. Because the 
1
H NMR spectra of 5F–
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5J are not broad like those of 3-AuNPs, they are more easily assignable, and hence they 
provide the confidence in the assignments of the spectra for 3-AuNPs. For example, 
Figure  4.5-B and Figure  4.5-C exhibits the 
1
H NMR spectra of 3H-AuNPs and the model 
compound 5H, respectively. The appearance of signals at 1.62, 2.29 and 3.02 ppm and 
loss of maleimide signal at 6.77 ppm in the 
1
H NMR spectra of both 3H-AuNP and 5H 
indicate the essentially quantitative conversion of the maleimide-terminated ligand to the 
corresponding cycloadducts. 
 
 
Figure ‎4.5. Representative 1H NMR spectra of products from Diels Alder reaction of:  A) Mal-
EG4-AuNP with 2,3-dimethyl 1,3-butadiene to yield B) 3H-AuNP and 3 with 2,3-dimethyl 1,3-
butadiene to yield C) 5H. * is residual acetonitrile. 
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To confirm that reaction condition does not affect the size and shape of the 
nanoparticles we used TEM. The average size of the Mal-EG4-AuNPs was measured to 
be 2.5 ± 0.7 nm initially and 2.4 ± 0.9 nm after surface modification for the representative 
cycloadduct-AuNPs (Figure  4.6). UV-Vis spectroscopy of all the AuNP-cycloadducts 
was also carried out in water. None of the surface modified AuNPs exhibit the plasmon 
band expected for larger AuNPs. This information along with the TEM images supports 
the fact that there is no distinct change in the size or shape of the gold core after the 
cycloaddition reactions. 
 
 
Figure ‎4.6. TEM images of A) FP-Ma-EG4-AuNPs B) Mal-EG4-AuNPs C) 2D-AuNPs D) 3H-
AuNPs. 
 
   162 
 
4.3 Conclusion 
In summary, we have developed a synthetic protocol for the facile addition of 
various functionalities to AuNPs bearing interfacial maleimide functionalities through 
cycloaddition reactions in high yields at ambient pressure and biological temperature (1 
atm, 37 °C). The versatility of the method was demonstrated for the library of nitrones 
and dienes studied. This methodology has a variety of advantages over some other AuNP 
functionalization methods, including (i) more flexibility for the synthesis of desired 
AuNP conjugates, (ii) reduced reaction times compared to the previously reported 
organic solvent soluble AuNPs, and (iii) easy purification methods. Our results 
demonstrate the additional potential of the Mal-EG4-AuNPs as a platform for 
cycloaddition reactions with any substrate bearing a diene or nitrone moeity. Due to the 
AuNPs’ solubility in both water and a host of organic solvents, the application of these 
nanoparticles is not limited to a narrow range of solvents. Mal-EG4-AuNPs interfacial 
reactions can be performed in aqueous media if the diene/nitrone is water soluble as well. 
However, Hydrolysis of the maleimide can be easily avoided by carrying out all the 
interfacial reactions in organic solvents while maintaining the water solubility of the final 
cycloadduct-AuNPs. The strategy we have introduced here ensures an effective and 
efficient method for the development of novel nanomaterials and AuNP-conjugates, with 
potential applications in material chemistry, biology or nanomedicine. 
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4.4 Experimental 
General Materials and Methods 
The following reagents, unless otherwise stated, were used as received. Triethylene 
glycol monomethylether, tetraethylene glycol, 4-dimethylaminopyridine (DMAP), 
potassium thioacetate, deuterated acetonitrile (CD3CN), deuterated chloroform (CDCl3), 
tetrachloroauric acid trihydrate, sodium borohydride, p-toluenesulfonyl chloride, 1,3-
pentadiene, 1-methoxy-1,3-butadiene, 2,3-dimethyl-1,3-butadiene, furfuryl alcohol, 
furan, and maleimide were purchased from Aldrich. All common solvents, triethylamine, 
magnesium sulfate, dry methanol, hydrochloric acid, sodium hydroxide, and potassium 
carbonate were purchased from Caledon. Deuterated water (D2O) was purchased from 
Cambridge Isotope Laboratories. Ethanol was purchased from Commercial Alcohols. 
Glacial acetic acid (99.7%) was purchased from BDH. Maleic acid was purchased from 
Eastman Organic Chemicals. Dialysis membranes (MWCO 6000-8000) were purchased 
from Spectra/Por. 
 
The 
1
H and 
13
C NMR spectra were recorded on either a Varian Inova 400 MHz or 
a Varian Mercury 400 MHz spectrometer. Transmission electron microscopy (TEM) 
images were recorded from a TEM Philips CM10. The TEM grids (Formvar carbon film 
on 400 mesh copper grids) were purchased from Electron Microscopy Sciences and 
prepared by drop casting solution of nanoparticles directly onto the grid surface. Mass 
spectrometry measurements were carried out using a Micro mass LCT (electrospray time-
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of-flight) mass spectrometer. UV-Vis spectra were collected employing a Varian Cary 
300 Bio spectrometer. 
Synthetic details 
Compound 1 (OMe-EG3-SH) 
All steps in the preparation of 1 were performed in accordance with the literature 
procedure.
29
 Briefly, Me-EG3-OH was tosylated to convert the hydroxyl group into tosyl. 
The tosylated Me-EG3-OH was then converted to its corresponding thioacetate via an SN2 
reaction using potassium thioacetate. The thiol was obtained through basic hydrolysis of 
the thioacetate functionality. Compound 1 has been fully characterized earlier. To 
confirm the integrity of compound 1 we used 
1
H and 
13
C NMR spectroscopy that matches 
to that of previous reports.
29
 
1
H NMR (400 MHz, CDCl3)  (ppm); 1.60 (t, 1H), 2.70 (q, 
2H), 3.41 (s, 3H), 3.55 (m, 2H), 3.63 (m, 8H). 
13
C NMR (400 MHz, CDCl3)  (ppm); 
24.2, 59.0, 70.2, 70.5, 71.9, 72.9, 110.1. 
Compound 2 (FP-Mal-EG4-SH) 
 All steps in the preparation of 2 were performed in accordance with the literature 
procedure. HO-EG4-OH was ditosylated, then one of the tosyl groups was reacted with 
furan-protected maleimide and then the other tosyl extremity was converted to the 
thioacetate and subsequently hydrolyzed under basic conditions to generate the desired 
thiol, FP-Maleimide-EG4-SH, as a light yellow oil. Compound 2 has been fully 
characterized before. To confirm the integrity of compound 2 we used 
1
H NMR and 
13
C 
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NMR spectroscopy that matches to that of previous reports.
29
 
1
H NMR (400 MHz, 
CDCl3)  (ppm); 1.60 (t, 1H), 2.70 (q, 2H), 2.87 (s, 2H), 3.65 (m, 14H), 5.27 (s, 2H), 6.52 
(s, 2H). 
13
C NMR (400 MHz, CDCl3)  (ppm); 24.3, 47.5, 67.1, 70.1, 70.2, 70.5, 70.6, 
72.6, 80.9, 136.5.  
Compound 3 
 
Scheme  4.4. Pathway towards the synthesis of maleimide model compound 3. 
 
Compound 3 was prepared according to Scheme  4.4. In a two neck round bottom 
flask 1.45 g (4.55 mmol) of triethelylene glycol monomethyl ether tosylate was dissolved 
in 100 ml of dry acetonitrile. Then 0.96 g (6.75 mmol) of furan protected maleimide was 
added to the mixture and it was stirred until everything dissolved. Next, 0.94 g (6.80 
mmol) of K2CO3 was added and the reaction mixture was heated at 50 °C for 24 h. After 
reaction reached completion, the solvent was evaporated and the remaining oil was 
dissolved in dichloromethane and washed with water (x3). The organic layer was then 
dried over MgSO4. The crude product was purified using column chromatography 
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(eluent: ethyl acetate) to give the furan protected triethylene glycol monomethyl ether as 
a yellow oil. Next, the obtained product was dissolved in toluene and heated at 110 °C for 
12 h to undergo the retro-Diels Alder reaction. After evaporating the solvent, the crude 
product was purified using column chromatography (3:1 ethyl acetate/hexanes) to give 
the final product as light yellow oil. 
1
H NMR (400 MHz, CDCl3)  (ppm); 3.36 (s, 3H), 
3.62 (m, 12H), 6.70 (s, 2H). 
13
C NMR (400 MHz CDCl3); 37.1, 58.9, 67.7, 70.0, 70.5, 
71.8, 134.1, 170.5; HRMS: calc. m/z for C11H17NO5 243.1101, found: 243.1107. 
Synthesis of Furan Protected AuNPs (FP-Mal-EG4-AuNPs) 
Furan protected Maleimide modified AuNPs were synthesized through a place 
exchange reaction. First, triethylene glycol monomethyl ether AuNPs (Me-EG3-AuNPs) 
were synthesized in accordance with our previously reported procedure.
29
 Next, to 
introduce the protected maleimide tetraethylene glycol thiol ligands onto the nanoparticle 
shell, 30 mg of freshly prepared thiol 2 was dissolved in 5 ml of MeOH : acetone (4: 1). 
This solution was then added to a solution of Me-EG3-AuNPs (100 mg in 10 ml of 
MeOH: acetone (4: 1). After vigorously stirring the reaction mixture for 15 minutes, the 
solvent was evaporated to form a film of nanoparticles. This film was washed with 
cyclohexane (x3) to remove the excess thiol 2. The particles were then further purified by 
dialysis in water overnight.  
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Synthesis of maleimide functionalized AuNPs (Mal-EG4-AuNPs) 
The deprotection of the maleimide was carried out using the retro Diels-Alder 
reaction similar to that one reported previously for organic soluble maleimide AuNP. The 
FP-Mal-EG4-AuNPs were dissolved in toluene: Acetonitrile (95:5) in a round bottom 
flask equipped with a condenser. The system was then heated at 110 °C overnight. The 
solvent was evaporated under vacuum and the resulting nanoparticle film inside the flask 
was washed with cyclohexane (x5).  
Synthesis of Nitrones A-E 
All the nitrones were prepared following the reference procedure. To a stirred 
solution of 5.0 g (1 eq.) of the prerequisite aldehyde in 300 ml 95% EtOH was added 2 
eq. of the nitro compound followed by 3.0 eq. of powdered zinc. Finally, 6.0 eq. of acetic 
acid was added dropwise at 0°C and the mixture was allowed to stir at room temperature 
for 24 h. Following this time, the solvent was rotary-evaporated to half the original 
volume and the precipitated zinc was filtered off. The resulting liquid was purified by 
flash liquid chromatography elution (20 -50 % gradient of ethyl acetate to hexanes) to 
yield pure nitrone after rotary evaporation of the column fractions. All the nitrones have 
been characterized and reported previously.
39
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General procedures for cycloaddition reactions of maleimide 
1,3-Dipolar cycloaddition reactions: 
Preparation of 2-AuNPs  
Approximately 10 mg of Mal-EG4-AuNPs was dissolved in 1 mL of deuterated 
acetonitrile and mixed with the appropriate nitrone (5 eq.) (A-E). The mixture was then 
transferred to a NMR tube and placed in a 37 °C bath. After 
1
H NMR spectroscopy 
showed reaction completion, the reaction was stopped by evaporating the solvent and 
forming a film of AuNPs. The products 2(A-E)-AuNPs were then purified by washing the 
film of nanoparticles with cyclohexane and then isopropanol to remove any unreacted 
nitrone. 
1
H NMR spectroscopy was used to characterize the resulting 2-AuNPs. These 
spectra were then compared to those of the products of the model reaction to ensure 
purity. All the NMR spectra are provided in the supporting information. 
Preparation of 4A-4E 
Approximately 20 mg of compound 3 and 5 eq. of nitrones A-E were dissolved in 2 
mL of deuterated acetonitrile. The mixture was then transferred to a NMR tube and 
placed in a 37 °C bath. After 
1
H NMR spectroscopy showed reaction completion, the 
reaction was stopped and the product was purified by preparative TLC plate (20 -50 % 
gradient of hexanes to ethyl acetate). The resulting products were then characterized by 
1
H and 
13
C NMR spectroscopy and high resolution mass spectrometry. All the NMR 
spectra are provided in the supporting information. 
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Diels Alder reactions 
Preparation of 3-AuNPs  
Approximately 10 mg of Mal-EG4-AuNPs was dissolved in 1 mL of deuterated 
acetonitrile and mixed the appropriate diene (5 eq.) (F-J). The mixture was then 
transferred to a NMR tube and placed in a 37 °C bath. After 
1
H NMR spectroscopy 
showed reaction completion, the reaction was stopped by evaporating the solvent and 
forming a film of AuNPs. The products 3(F-J)-AuNPs were then purified by washing the 
film with cyclohexane and then isopropanol to remove any unreacted diene. 
1
H NMR 
spectroscopy was used to characterize the resulting 3-AuNPs. These spectra were then 
compared to those of the products of the model reaction to ensure purity. All the NMR 
spectra are provided in the supporting information. 
Preparation of 5F-5J 
Approximately 20 mg of compound 3 and 5 eq. of dienes F-J were dissolved in 2 
mL of deuterated acetonitrile. The mixture was then transferred to a NMR tube and 
placed in a 37 °C bath. After 
1
H NMR spectroscopy showed reaction completion, the 
reaction was stopped and the product was purified by preparative TLC plate (20 -50 % 
gradient of hexanes to ethyl acetate). The resulting products were then characterized by 
NMR spectroscopy. All the NMR spectra are provided in the supporting information. 
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4.6 Supporting Information 
This section contains the data to support the work carried out in chapter four of this 
thesis. It includes NMR spectra of 2-AuNPs, 3-AuNPs and all the corresponding 1,3-
dipolar cycloaddition and Diels-Alder cycloadducts from model reaction of compound 3 
with dienes and nitrones as well as UV-Vis spectra of all the cycloadduct-AuNPs. 
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Figure S‎4.1. 1HNMR spectra of: a) 2A-AuNPs, b) 4A-endo, c) 4A-exo recorded in CD3CN. * 
indicates residual CH3CN. 
 
Figure S‎4.2. 1HNMR spectra of: a) 2B-AuNPs, b) 4B-endo, c) 4B-exo recorded in CD3CN. * 
indicates residual CH3CN. 
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Figure S‎4.3. 1HNMR spectra of: a) 2C-AuNPs and b) 4C recorded in CD3CN. * indicates residual 
CH3CN. 
 
Figure S‎4.4. 1HNMR spectra of: a) 2A-AuNPs, b) 4A-exo, c) 4A-endo recorded in CD3CN. * 
indicates residual CH3CN. 
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Figure S‎4.5. 1HNMR spectra of: a) 2E-AuNPs, b) 4E-endo, c) 4E-exo recorded in CD3CN. * 
indicates residual CH3CN. 
 
Figure S‎4.6. 1HNMR spectra of: a) 3F-AuNPs and b) 5F recorded in CD3CN. * indicates residual 
CH3CN. 
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Figure S‎4.7. 1HNMR spectra of: a) 3G-AuNPs and b) 5G recorded in CD3CN. * indicates 
residual CH3CN. 
 
 
Figure S‎4.8. 1HNMR spectra of: a) 3H-AuNPs and b) 5H recorded in CD3CN. * indicates residual 
CH3CN. 
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Figure S‎4.9. 1HNMR spectra of: a) 3I-AuNPs and b) 5I recorded in CD3CN. * indicates residual 
CH3CN. 
 
Figure S‎4.10. 1HNMR spectra of: a) 3J-AuNPs and b) 5J (inseparable mixture of endo/exo) 
recorded in CD3CN. * indicates residual CH3CN. 
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Figure S‎4.11. 1H NMR spectrum of 5J with a close look at the endo:exo ratio which is 2:3. 
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Figure S‎4.12. UV-vis spectra of FP-Mal-AuNP, Mal-EG4-AuNP and 2(A-E)-AuNPs. 
 
 
Figure S‎4.13. UV-vis spectra of FP-Mal-AuNP, Mal-EG4-AuNP and 3(F-J)-AuNPs. 
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Chapter 5  
 
5 Nitrone Modified Gold Nanoparticles: Synthesis, 
Characterization and Their Potential for the 
Development of 
18
F-Labeled PET Probes and 
Hybrid Nanomaterials 
 
 This chapter includes data that has been obtained in collaboration with Luyt and 
Gillies research groups. 
 Dr. Lihai Yu, a postdoctoral fellow from Professor Luyt’s research group, has 
performed all the radiolabeling experiments. Pierangelo Gobbo prepared 
compound 5 and 12. Sara Ghiassian carried out all the other work reported in this 
chapter. 
 Depending on the outcome of the PET animal studies, this chapter will be written 
as two separate papers. One paper covers the synthesis and characterization of 
Nitrone-AuNPs and all the radiolabeling and PET studies. The second paper will 
include the use of Nitrone-AuNPs for the preparation of hybrid materials 
including AuNP-CNTs shown here, as well as other data obtained in collaboration 
with Dr. Ali Nazemi (a previous PhD student from Gillies group) that is not 
included in this chapter. 
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5.1 Introduction 
Gold nanoparticles (AuNPs) have received considerable attention in the biomedical 
field due to their biocompatibility, facile conjugation to biomolecules, and the unique 
optical properties.
1-3
 Additionally, being that gold is resistant to oxidation under 
physiological or ambient conditions, it can be safely utilized in biological environments. 
In the imaging field, AuNPs have shown great promise for their utility in Raman spectral 
imaging,
4,5
 computed tomography 
6,7
 and photoacoustic tomography.
8,9
 Several studies 
have also reported the use of AuNPs labeled with gamma emitters or positron emitters for 
multimodality imaging, such as PET/CT imaging.
10-13 
 
When creating AuNP-conjugates that are capable of functions in vivo, including 
targeting, image contrast, biosensing, or drug delivery, excellent selectivity and high 
sensitivity are of utmost importance. Hence, bioorthogonal conjugation reactions are 
suitable candidates for such purposes due to their fast kinetics, high yields and mild 
reaction conditions.
14
 One of the most promising bioorthogonal labeling reactions is the 
strain-promoted alkyne-azide cycloaddition (SPAAC), a variant of the copper (I)-
catalyzed Huisgen azide-alkyne cycloaddition (CuAAC),
15
 that does not require the use 
of the cytotoxic metal catalyst. In order to extend the use of click chemistry to in vivo 
studies there was a need to overcome the detrimental effects of copper catalyst by 
introducing alternative methods to lower the activation energy of the alkyne-azide 
cycloaddition. Bertozzi et al. developed a new methodology for bioconjugation by using 
a more activated ring strained alkyne for the alkyne-azide cycloadditions.
16
 Until 
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recently, most efforts have focused on increasing the reactivity the cyclooctyne reagent in 
the azide-alkyne reactions in order to avoid the need for use of any catalyst.
17-23
 Their 
typical reacting partner, azide, is generally easy to prepare and considered bioorthogonal 
because it is small, metabolically stable, and does not naturally exist in cells and thus has 
no competing biological side reactions,
24
 and it is widely used in both CuAAC and 
SPAAC reactions. However, utilizing more reactive alternatives to azides can greatly 
enhance the reaction rate. Recently, a variant to SPAAC has been proposed, which 
replaces the azido functionality with a nitrone group.
25,26
 Termed strain-promoted alkyne-
nitrone cycloaddition (SPANC), this reaction represents a new versatile tool for chemical 
biology due to rapid kinetics, biocompatibility, high reaction yields as well as tunability 
of the nitrone moiety by using diverse substituents on both carbon and nitrogen atoms of 
the dipole.
27,28
 The bioorthogonal SPANC reaction has applications that range from 
protein modification,
29,30
 and cell surface labeling,
27
 to material science.
31
 To date, there 
have been several reports on the specific N-terminal nitrone functionalization and 
labeling of peptides or proteins containing serine as the first residue.
27,29,30
 Recently 
Colombo et al. reported on the use of SPANC for conjugation of a scFv variant of the 
anti-Her2 antibody to iron oxide magnetic nanoparticles. In this report authors 
demonstrate that SPANC can be utilized for conjugation of cycloalkyne modified 
nanoparticles and anti-HER2 antibodies containing an N-terminal nitrone. These targeted 
multifunctional nanoparticles were found to localize only to HER2 positive breast cancer 
cells.
32
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Scheme ‎5.1. Cartoon representation towards preparation of Nitrone-AuNPs and their 
corresponding i-SPANC reaction. 
 
The high selectivity, fast reaction rate, and aqueous compatibility of SPANC make 
this strategy an ideal approach for preparation AuNP-conjugates or hybrid materials 
through interfacial reactions. In this context, we report a facile and straightforward 
method for the synthesis of AuNPs with nitrone moiety present on the gold corona (See 
Scheme  5.1). Nitrone functionalities incorporated onto the gold core can be employed as 
a reactive template that undergoes interfacial SPANC (i-SPANC) reaction with any 
substrate bearing a strained alkyne. Nitrone incorporation was achieved through a place 
i-SPANC
Place exchange
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exchange reaction using triethylene glycol monomethyl ether functionalized AuNPs as 
the building blocks. This approach benefits from having control over the amount of 
interfacial nitrone functionality and subsequently the solubility of the AuNPs. Interfacial 
ligands can be quantified and introduced in a controlled manner by changing the 
parameters in the ligand exchange reaction to match the specific application these AuNPs 
are intended for. Furthermore, interfacial reactions can be followed in a quantitative 
manner to determine the extent of conjugation. It is also important to note that, 
incorporating triethylene glycol monomethyl ether ligands onto the gold core enables 
solubility in a range of organic solvents as well as water. Consequently, such 
nanoparticles can be used in wide range of organic or aqueous media for various 
applications. To showcase this versatility we examined the utility of Nitrone-AuNPs for 
biological applications as well as in material chemistry. 
Initially we focused on preparing AuNP-conjugates with potential use for in vivo 
studies. When AuNP-conjugates are aimed for in vivo applications, to optimize the 
success and minimize long term side effects information about the biodistribution of 
AuNPs is crucial. Positron emission tomography (PET) is a highly sensitive, noninvasive 
isotopic imaging tool that allows the determination of quantitative biodistribution by 
imaging the uptake of the AuNPs by various organs. One of the main limitations on the 
development of new radiotracers for use in PET are the time constraints created by 
working with radionuclides having the short half-lives inherent to the main radionuclides 
(such as 
18
F) used in PET radiotracer development. The combination of selectivity, 
modularity, orthogonality, and fast kinetics offered by strain-promoted cycloaddition 
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reactions make them an almost ideal synthetic methodology for the creation of 
radiopharmaceuticals. A recent development in the field of PET radiochemistry is the use 
of copper catalyzed 1,3-dipolar cycloaddition reactions to prepare 
18
F-labeled 
compounds.
33-35
  Here, we explore the utility of the efficient biorthogonal i-SPANC 
chemistry to prepare 
18
F-labeled AuNPs for potential application in PET. 
In the second part of this study, we demonstrate the utility of the i-SPANC reaction 
to prepare hybrid nanomaterials using single-walled carbon nanotubes (SWCNTs). 
Interest in developing diverse AuNP-composite materials continues to grow. This is 
primarily motivated by the desire to simultaneously exploit the unique properties of both 
AuNPs and their composite partners in new hybrid materials. CNT have been extensively 
studied because of their outstanding mechanical, optical, electrical, and thermal 
properties.
36,37
 CNT combined with AuNPs resulting in AuNP–CNT hybrid materials 
combines the the high conductivity of the CNTs with the size-dependent opto-thermal 
properties of the AuNP with potential application in catalysts,
38,39
  sensing,
40
 and 
nanomedicine.
41
 Such applications require the development of efficient strategies for the 
preparation of hybrid materials that lead to robust structures without significantly 
compromising the integrity of the underlying CNT framework. In this context, we present 
a bioorthogonal conjugation method to efficiently couple nitrone functionalized AuNPs 
to strained alkyne containing CNT, using the i-SPANC reaction, showing for the first 
time that it can successfully take place at the interface of two different nanomaterials to 
form a hybrid. 
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5.2 Results and Discussion 
Scheme  5.1 displays the synthetic procedure used to prepare water soluble nitrone 
modified AuNPs (Nitrone-AuNPs). We utilized a place exchange reaction incorporating 
nitrone terminated thiol (Nitrone-EG4-SH, compound 4) onto the surface of small 
triethylene glycol monomethyl ether functionalized AuNPs (Me-EG3-AuNPs). The 
methyl-terminated EG3 ligands were selected as the base ligand on the nanoparticles 
because they impart both water and organic solvent solubility. Also noteworthy is that for 
the interfacial reactions occurring on the surface of AuNPs, the reactivity of the nitrone 
group can be impeded by the spectator ligands (i.e. triethylene glycol monomethyl ether) 
if the nitrone ligand has a shorter chain length than the spectator ligands. For this reason, 
the nitrone ligand was synthesized with one more ethylene glycol unit than the base 
ligand to lower the steric hindrance and make it more prone to reactivity. The synthetic 
route to thiol 4 is illustrated in Scheme  5.2. Briefly, tetraethylene glycol monosulfunate 
was treated with triphenylmethanethiol to prepare the protected thiol. Then, alcohol 1 was 
oxidized to the aldehyde using dimethyl sulfoxide and phosphorus pentaoxide. Aldehyde 
2 was reacted with N-methyl hydroxylamine hydrochloride in the presence of base to 
afford nitrone 3. Finally, the desired thiol 4 was prepared by deprotection of 3 using 5% 
trifluoroacetic acid in dichloromethane. Details on the synthetic procedure can be found 
in the experimental section. Subsequently Me-EG3-AuNPs were exposed to place 
exchange reaction conditions to introduce nitrone functionality onto the AuNP. The place 
exchange was carried out by stirring a solution of Me-EG3-AuNPs in dichloromethane in 
presence of thiol 4 (1:6 AuNP to thiol ratio). After removing the solvent, the film of 
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AuNPs was wished with haxanes/isopropanol (10:1) several times.  The Nitrone-AuNPs 
were further purified by dialysis in milli-Q water to remove any unreacted thiol 4 or any 
disulfide that formed during the synthetic procedure. Characterization of the Nitrone-
AuNPs was achieved using 
1
H NMR and UV-vis spectroscopy, TEM, TGA and XPS. 
 
 
Scheme ‎5.2. Synthetic procedure towards the preparation of thiol 4. 
 
Initially, the success of the place exchange reaction was confirmed using 
1
H NMR 
spectroscopy (Figure  5.1). The 
1
H NMR spectrum of the Nitrone-AuNPs (recorded in 
D2O) exhibits the expected broad peaks at H: 3.3-3.8 ppm due to the methyl (protons c) 
and methylene groups of the triethylene glycol chains. Additionally, new signals appear 
after the exchange reaction at H: 7.4 and 4.4 ppm corresponding to the proton α to the 
1
2 3
4
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nitrogen (proton a) and protons of the methylene group next to the nitrone functionality 
(protons b) respectively, confirming the presence of nitrone moiety on the gold core. 
 
 
Figure ‎5.1. 1H NMR spectra of A) Me-EG3-AuNPs and B) Nitrone-AuNPs in D2O. * indicates 
residual H2O. 
 
The lack of any sharp signals in the 
1
H NMR spectrum of the Nitrone-AuNPs 
indicates that there is no free thiol present and confirms the efficiency of our purification 
protocol. Through the integration of the signal at H: 7.4 ppm, correlating to Ha, and the 
integration of the signal at 3.3 ppm, that corresponds to the three protons of the methyl 
group of Me-EG3-S- ligands (Hc), it was determined that the 18 ± 2% of the protecting 
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ligands are comprised of nitrone terminated thiols, while 82 ± 2% consist of Me-EG3-S- 
ones.  
From TGA data, information about the quantity of the organic ligands present on 
the surface of AuNPs can be obtained. The total mass loss for Nitrone-AuNPs when they 
are heated from 25-750 °C is 33%. This indicates that for each 1 mg of the Nitrone-
AuNPs, 0.33 mg is comprised of Me-EG3-S- and Nitrone-EG4-S- ligands.  Knowing that 
the mass loss corresponds to the mass of two types of ligands attached to the gold core 
and using the first derivative of the mass loss curve, it was calculated that 20% of the 
total ligands are Nitrone-EG4-S- and the 80% consist of the Me-EG3-S- ligands. This is 
consistent with the NMR analysis (TGA graphs are displayed in the supporting 
information section Figure S 5.7). 
XPS analysis further confirmed the successful preparation of Nitrone-AuNPs and 
the ratio between the two different ligands present on the gold core (See Figure  5.2). The 
Au 4f region exhibits a pair of peaks at 84.3 eV and 87.6 eV assigned to the Au 4f7/2 and 
Au 4f5/2 peaks, respectively, originating from the AuNP cores.
42
 The S 2p core line 
shows the presence of two major components, the S 2p3/2 at 162.8 eV and S 2p1/2 at 164.0 
eV, in a 2:1 spin orbit splitting ratio related to the Au-S bonds.
43
 Additionally, the XPS 
survey spectrum of Nitrone-AuNPs clearly shows the appearance of the peak related to 
the nitrogen at 399.9 eV (N 1s) with 0.6 At% nitrogen incorporation, confirming the 
incorporation of the nitrone group. From the ratio of sulfur (one sulfur per ligand, 3%) 
and nitrogen (exclusive to nitrone terminated ligands, 0.6%) it was calculated that 20% of 
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the total ligands on the gold core consist of Nitrone-EG4-SH. This information matches 
that of NMR spectroscopy and TGA.  
It is noteworthy that our goal is to balance nitrone ligand incorporation while 
maintaining both water and organic solvent solubility.  The 18 ± 2: 82 ± 2 composition 
allows the amphiphilic property of the AuNPs to be retained and therefore permit the 
subsequent interfacial reactions in either organic or aqueous media expanding the 
application of the AuNPs. While the amount of reactive nitrone ligands incorporated onto 
the gold core can be increased by using higher ligand to gold ratios, longer exchange 
reaction time (>30 min) or exchange reactions in more polar solvents such as acetone and 
methanol, increasing the Nitrone-EG4-SH ligands to more than 30% of the total ligands 
results in AuNPs that are exclusively water soluble. 
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Figure ‎5.2. Survey scan and high resolution XPS of Nitrone-AuNPs. 
 
In this study the synthetic procedure was designed with the aim of preparing 
AuNPs in the 2-3 nm regime. This is important because recent studies indicate that the 
size diversity of AuNPs plays an important role in their biodistribution, which is of high 
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importance in biomedical applications.
44,45
 There are several reports on the use of AuNPs 
as contrast agents for in vivo imaging by different techniques.
4-13,46,47
  The majority of 
these studies use spherical nanoparticles or nanorods with 10-100 nm size that exhibit 
widespread organ biodistribution.
10-13,45
 Neither study reports detectable crossing of the 
blood-brain barrier (BBB) for AuNP >10 nm. Few studies have reported the possibility 
that particles with a diameter of approximately 10 nm or smaller can penetrate the 
BBB.
48-51
 The potential to mediate the transfer of a molecule across the BBB makes 
AuNPs an important development platform for brain research.
52
 To confirm that we have 
in fact prepared small (2-3 nm) AuNPs, TEM was used. TEM images of Nitrone-AuNPs 
show that they are 2.6 ± 0.5 nm in size (Figure S 5.8). 
Combining the 
1
H NMR spectroscopy, TEM (2.6 nm) and TGA data and assuming 
a spherical shape for the gold core one can calculate a simplified formula for AuNPs.
53 
Nitrone-AuNPs have the formula of Au500(Me-EG3-S)197(Nitrone-EG4-S)49. TEM images, 
TGA graphs and calculations for determining the chemical formula can be found in the 
supporting information. 
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Scheme ‎5.3. Reaction scheme for the SPANC reaction of Nitrone-AuNPs and model nitrone 6 
with two BCN derivatives (5 and 13) to prepare the corresponding isoxazolines. 
 
In order to assess the utility of Nitrone-AuNPs in bioorthogonal i-SPANC 
reactions, the efficiency of conversion to products was initially examined in presence of 
the endo-Bicyclo[6.1.0]non-4-yn-9-ylmethanol 
26 
(endo-BCN, compound 5) as a 
representative ring strained alkyne. When characterizing the cycloadducts formed on the 
AuNPs, the broadness of the signals in the 
1
H NMR spectra often makes the peak 
assignments difficult. To this end we prepared compound 6 as the model nitrone to allow 
a confident assignment of the product signals. In a typical experiment one equivalent of 
Nitrone-AuNPs/model compound 6 was stirred with two equivalents of the endo-BCN 5. 
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Two equivalents of BCN were used to ensure reaction completion. Indeed, clean 
conversion into the expected isoxazoline conjugates upon SPANC labeling with endo- 
BCN 5 for both model and Nitrone-AuNPs was achieved. Reaction progress was 
followed using 
1
H NMR spectroscopy monitoring the disappearance of nitrone signals at 
4.4 and 7.4 ppm and appearance of new signals corresponding to the isoxazoline formed. 
Absence of the signal at 7.4 and 4.4 ppm related to the nitrone moiety was taken as the 
completion of the reaction. In both cases (SPANC of model compound 6 and i-SPANC of 
Nitrone-AuNPs) reaction was completed in short time scales only after 10-15 minutes. 
After reaction completion, the model isoxazoline 14 was fully characterized using 
1
H and 
13
C NMR spectroscopy as well as mass spectrometry. Comparing the 
1
H NMR data 
obtained from model isoxazoline 14 (Figure  5.3-C) to that of the isoxazoline AuNPs 
(Figure  5.3-B) validates the success of reactions and the utility of our novel AuNPs for i-
SPANC. Figure  5.3-A and B illustrate the 
1
H NMR spectra of Nitrone-AuNPs before and 
after the i-SPANC reaction, respectively. After the SPANC reaction, the signature nitrone 
signals at 4.4 and 7.4 ppm disappear, concurrent the appearance of signals in 0.5-3 ppm 
region related to the cycloalkyne moiety and a signal at 2.5 ppm due to protons c, 
confirming the formation of the isoxazoline AuNPs.  
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Figure ‎5.3. 1H NMR spectra of A) Nitrone-AuNPs B) isoxazoline AuNP and C) model 
isoxazoline 14. * is residual H2O. 
 
Both the SPAAC and SPANC reactions are bimolecular reactions and follow a 
second order kinetic equation. Hence larger rate constants allow these bioorthogonal 
reactions to proceed more efficiently with lower amounts of reagents used. This is of high 
significance for many biological applications where fast reactions are required while 
using a limiting amount of reagents. It has been previously reported that kinetics of 
SPANC is usually faster than similar SPAAC reaction due to the larger dipole moment of 
nitrone moiety compared to azide.
26,28
 Encouraged by these reports, we studied the 
kinetics of both SPAAC and SPANC reactions using comparable parameters (See 
7 6 5 4 3 2 1
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*
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Scheme  5.4). In order to establish a kinetic profile for the strained promoted reactions of 
nitrone 6 and azide 7 with endo-BCN 5, the associated bimolecular rate constant was 
measured using 
1
H NMR spectroscopy. 
1
H NMR monitoring of cycloaddition of nitrone 
6 or azide 7 model compounds with endo-BCN 5 was performed by rapid mixing (t = 0) 
of stock solutions of 6/7 with 5 (1:1 ratio) in an NMR tube and immediate insertion into a 
400 MHz NMR spectrometer. NMR spectra were measured at preset time-intervals and 
each experiment was performed in triplicate. Kinetics of SPAAC and SPANC with endo-
BCN were determined by measuring the decrease in the integral of the signature signals 
of nitrone or azide functional group, with respect to the integral of CH2Cl2 used as 
internal standard. Calculation of second-order reaction kinetics demonstrated that the 
SPANC (k2 = 0.14 M
-1
 s
-1
) has approximately 8.7-fold rate enhancement compared to the 
SPAAC reaction (k2 = 0.016 M
-1
 s
-1
). The rate plots for these kinetic studies are provided 
in the supporting information. Based on previous studies by our group it is expected that 
the interfacial reactions on the surface of AuNPs follow the same relative trend as 
observed for the model reactions.  
 
   198 
 
 
Scheme ‎5.4. Strain-promoted cycloaddition reactions of BCN endo 5 with nitrone 6 and azide 7 
to prepare isoxazoline 14 and triazole 15 respectively. 
 
Having established the utility of Nitrone-AuNPs for bioorthogonal SPANC reaction 
with faster kinetics compared to corresponding SPAAC reactions, we investigated their 
usefulness for the synthesis of 
18
F-radiolabeled AuNPs for potential application in PET 
imaging. There have been reports of CuACC,
54-56
  and SPAAC 
33-35
 reaction used for 
preparation of 
18
F-radiolabeled peptides and nanoparticles. In principle, the SPANC 
reaction also seems particularly well suited for preparation of radiolabeled structures as it 
is proceeds quickly and efficiently under mild reaction conditions. Prior to any 
radiolabeling or in vivo examination, proof of concept studies were performed using 
bicyclo [6.1.0]non-4-yn-9-ylmethyl(2-(2-(2-(2-fluoroethoxy)ethoxy)ethoxy)ethyl) 
carbamate (compound 13) as a model fluorine containing prosthetic group as shown in 
Scheme  5.3. Compound 13 was prepared over six steps as illustrated in Scheme  5.5. The 
synthetic strategy was designed so that incorporation of the fluorine into the structure of 
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BCN in the last step would be viable in a matter of minutes. This is indeed the key to the 
synthesis of the fluorine containing BCN molecule when preparing the 
18
F-radiolabeled 
analogue of compound 13. 
 
 
Scheme ‎5.5. Synthetic procedure towards the preparation of compound 13. 
 
Using a 1:1 ratio of the AuNPs to strained alkyne 13, the SPANC reaction 
proceeded cleanly and rapidly and was completed within a reasonable reaction time (45 
min), affording 
19
F-labeled AuNPs in quantitative yield. After 
1
H NMR spectroscopy 
showed reaction completion, the F-labeled AuNPs were purified by dialysis in milli-Q 
water and then characterized using 
1
H and 
19
F {
1
H} NMR and UV-vis spectroscopy, 
TEM and XPS. A similar reaction was carried out using model nitrone 6 and compound 
11 12 13
9 10
8
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13. The resulting isoxazoline was fully characterized using 
1
H, 
13
C and 
19
F {
1
H} NMR 
spectroscopy as well as mass spectrometry and served as a reference in characterization 
of fluorine labeled AuNPs (F-isoxazoline-AuNPs) without the interference of broad 
signals caused by the presence of nanoparticles. 
 
 
Figure ‎5.4. 1H NMR spectra of A) model isoxazoline 16, and B) F-isoxazoline AuNPs. 19F NMR 
spectra of C) model isoxazoline 16, and D) F-isoxazoline AuNPs * is residual CHCl3 and ** 
indicates residual H2O. 
 
Figure  5.4 illustrates the 
1
H and 
19
F {
1
H} NMR spectra of isoxazoline 16 and the 
corresponding F-isoxazoline-AuNP. In case of F-isoxazoline-AuNPs the NMR has been 
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carried out in D2O to demonstrate their water solubility even after the interfacial reaction. 
But for the model isoxazoline 16, the NMR has been carried out in CDCl3 due to its 
higher solubility in organic media. Aside from the slight shifts in both spectra due to 
solvent effects, it can be observed that both 
1
H and 
19
F NMR spectra of the model and 
AuNPs match after the SPANC reaction with compound 13. XPS was also employed to 
further confirm the formation of F-isoxazoline-AuNPs. The XPS survey of F-isoxazoline 
AuNPs (Figure  5.5) shows the appearance of the peak related to fluorine at 686.7 eV 
introduced with the interfacial coupling reaction. Also, the high resolution scan of the 
carbon 1s and oxygen 1s peaks for the F-isoxazoline AuNPs (Figure  5.5) compared to 
that of the Nitrone-AuNPs starting material (Figure  5.2) confirms the successful synthesis 
of the desired fluorine labeled AuNPs. The high resolution scan of the carbon peak 
exhibits the appearance of a shoulder at 288.0 eV and 289.2 eV related to O-C*=O, *C-F 
groups respectively. This is also confirmed by the appearance of a shoulder at 533.6 eV 
in the high resolution scan of the oxygen peak related to the O*–(C=O) group. It should 
be emphasized that a new peak for C–N bound should have appeared, however no such 
peak in C 1s spectra was observed. This is most probably due to its presence at the same 
binding energy region as that for C-OH/O-C-C groups. Nonetheless, the presence of such 
group is clearly shown in Figure  5.5, bottom left, representing the high resolution 
nitrogen 1s scan with a binding energy of ~400 eV. TEM shows that the AuNPs retain 
their shape and size after the interfacial reaction (Figure S 5.8). 
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Figure ‎5.5. Survey scan and high resolution XPS spectra of F-isoxazoline AuNPs. 
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The strategy used for the model i-SPANC reaction of Nitrone-AuNPs and BCN 13 
shows that the reaction occurs on the time scales of minutes. This proves that this 
approach can be useful for incorporation of the radioactive 
18
F (with the half-life of 
109.77 minutes) onto AuNPs surface quickly and efficiently by preparing the 
18
F 
radioactive analogue of compound 13. The in vivo biodistribution of these nanoparticles 
can then be studied utilizing PET imaging.  
All the radiolabeling experiments were carried out by Dr. Lihai Yu, a postdoctoral 
fellow in Professor Leonard G. Luyt’s research lab.  
For the biodistribution studies, the radioactive prosthetic probe 
18
F-13 was prepared 
following the same synthetic strategy as compound 13 with some changes in order to 
satisfy the radiolabeling criteria as displayed in Scheme  5.9. Next, the 
18
F-labeled AuNP 
conjugate was obtained through the i-SPNC reaction of Nitrone-AuNPs with compound 
[
18
F] 13. AuNP radiolabelling with 
18
F was confirmed by size exclusion column. The 
total radiochemical yield (RCY) after decay correction and four steps of synthesis was 6-
10%. These results are very encouraging; however, further studies are required in order to 
optimize the RCY of AuNPs before we can proceed to the biodistribution studies in live 
animals using PET imaging.  
 
In the second part of this study we extended the concept of the i-SPANC reaction to 
carbon based material chemistry, showing for the first time that it can successfully take 
place at the interface between different nanomaterials. To demonstrate this innovative 
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application of the SPANC reaction, as a proof of concept we prepared an AuNP-CNT 
hybrid material. In order to do so through the i-SPANC reaction, strained alkyne 
modified SWCNT was first prepared. Subsequently the strained alkyne moieties 
incorporated onto the side walls of the CNT underwent i-SPANC with the Nitrone-
AuNPs to create the final hybrid material. 
 
 
Scheme ‎5.6. Synthetic approach towards the preparation of SWCNT-AuNP through i-SPANC 
reaction at the Nitrone-AuNP interface. 
 
Scheme  5.6 displays the synthetic strategy leading to the formation of the SWCNT-
AuNP hybrid. The first step involves the introduction of BCN functionalities onto the 
CNT sidewalls through a coupling reaction between the commercially available BCN-
1) HBTU, DIPEA
0  C, MeOH/ACN
2) 
in ACN
SWCNT-BCNSWCNT
SWCNT-AuNP
i-SPANC
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amine and the carboxylic groups already present on the native SWCNT (for details of 
synthesis see the experimental section). Noteworthy is that it is not necessary to pre-treat 
or oxidize the CNT before the coupling reaction as the amount of carboxylic groups 
already present on the CNT sidewalls allows for an efficient functionalization. The BCN-
modified CNT was found to form stable dispersions in both water and polar organic 
solvents including acetonitrile, acetone and ethanol. The SWCNT-BCN was 
characterized using XPS and FTIR spectroscopy. The XPS survey scan of SWCNT-BCN 
(Figure  5.6, middle) compared to that of the starting material (Figure  5.6, left) clearly 
shows the appearance of the peak related to the amide nitrogen at 400.0 eV. The high 
resolution scan of the carbon 1s and oxygen 1s peaks for the SWCNT-BCN compared to 
that of the SWCNT starting material confirms the successful synthesis of BCN-modified 
CNT. The high resolution scan of the carbon peak shows the appearance of a shoulder at 
285.0 eV related to the sp3-hybridized carbons and an increase in the intensity of the 
signal at 286.5 eV related to the C-O-C bonds as a result of the coupling reaction. This is 
also confirmed by the marked decrease of the –(C=O*) peak at 531.28 eV (light blue), 
with respect to the steady component at 532.61 eV of the -C-OH, C-O-C (dark blue) in 
the high resolution scan of the oxygen peak. This is due to the presence of oxygenated 
chains in the structure of the BCN-amine coupled to the CNT. Figure S 5.18 shows the 
infrared spectra of raw and BCN functionalized SWCNTs. The band observed at 3460 
cm
-1
 corresponds to the stretching vibrations of OH group, indicating the existence of 
carboxyl groups on the external surface of the SWCNTs. In addition, the band can be 
attributed to hydroxyl groups present in water physically adsorbed. The signal at 1092 
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cm
−1
 is assigned to the C-O stretching vibrations. The functionalization of SWCNT with 
BCN can be confirmed by the formation of secondary amide on the SWCNTs at 1580 
cm
-1
. In addition, the band at 1633 cm
-1
 is attributed to stretching of amide carbonyl 
(C=O). Also, a band at 2956 cm
-1
 appears which can be assigned to the asymmetric C–H 
stretching of the sp
3
-hybridized carbons of the BCN-amine. 
 
 
Figure ‎5.6. Survey scan and high resolution XPS spectra of SWCNT (left), SWCNT-BCN 
(middle), and SWCNT-AuNP hybrid (right). 
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The title SWCNT-AuNP hybrid nanomaterial was then easily prepared through the 
bioorthogonal i-SPANC reaction between the two partners: SWCNT-BCN and the 
Nitrone-AuNP. The interfacial cycloaddition reaction was carried out simply by mixing 
the two in aqueous media. In a typical synthesis, to a 1 ml of the SWCNT-BCN mother 
solution was added 5 mg of Nitrone-AuNP and the reaction volume was diluted to 5 ml 
with PBS pH 7 buffer. The system was stirred for 1 hour at room temperature and then 
the SWCNT–AuNPs were centrifuged in a Pyrex centrifuge test tube. The supernatant 
was removed, and the decorated CNT were dispersed in water, sonicated for 10 minutes 
and centrifuged. Subsequently, water was substituted first with acetone and then with 
dichloromethane, and the washing procedure (sonication and centrifugation) was repeated 
four more times. This protocol was to ensure removal of any non-covalently bound 
AuNPs. The successful synthesis and purification of the covalent SWCNT-AuNP hybrid 
was confirmed by XPS and TEM. 
The XPS survey scan of SWCNT-AuNP (Figure  5.6, right) shows the appearance 
of the peaks from Au and from S. The Au 4f7/2 core line of AuNP is at 84.5 eV, this 
binding energy is shifted upwards from that of bulk Au (83.95 eV) due to particle size 
effects (Figure S 5.16). The high-resolution carbon 1s spectrum shows a marked increase 
of the component at 286.30 eV related to the C–O–C of the AuNP glycol units, while the 
high-resolution oxygen 1s spectrum shows an increase of the corresponding component 
at 532.63 eV.  
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Figure ‎5.7. TEM images of A) SWCNT–BCN, B) SWCNT-AuNP hybrid, (C) control experiment 
(SWCNT-BCN + Me-EG3-AuNP). 
 
TEM images of the hybrid nanomaterial (Figure  5.7, B) confirm that AuNPs are 
linked to the surface of CNT while maintaining their original shape and size. Also, there 
are no unbound particles present, confirming the efficiency of our washing procedure. 
Indeed, the use of sonication favors the detachment of the AuNP that are physisorbed on 
the CNT leaving behind those covalently bonded. 
To provide support for the covalent assembly of the AuNPs onto CNTs and to 
exclude the possibility of unspecific physisorption of the AuNPs to the SWCNT-BCN, a 
control experiment was carried out under identical conditions and following the same 
experimental procedure but using the model Me-EG3-AuNPs instead of the Nitrone-
AuNPs. The Me-EG3-AuNPs, lacking the Nitrone functionality, are not expected to 
undergo i-SPANC with the SWCNT-BCN. TEM images taken of the solid material 
(Figure  5.7, C) after the same centrifugation and washing cycle protocol (see 
experimental), showed just bare CNT with no AuNP attached onto the nanotubes. This 
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confirms the successful synthesis of AuNP-decorated SWCNT through the new i-SPANC 
reaction between SWCNT-BCN and Nitrone-AuNP. 
Finally, sonication was employed to test the stability and resilience of the final 
hybrid material. The SWCNT-AuNP was dispersed in PBS pH 7.0 and sonicated for one 
hour. The TEM images obtained from these samples were compared with those of the 
freshly prepared SWCNT-AuNP and they did not show any noticeable difference either 
in the density of chemisorbed AuNP or in the AuNP size distribution (Figure S 5.19, D). 
This supports the efficiency of our synthetic approach and the robustness of the resulting 
AuNP-CNT hybrid. As demonstrated initially in this section the reaction of the Nitrone-
AuNP with BCN containing model compounds leads to efficient and total loading 
(complete reaction) on the AuNP. Hence, we believe that every accessible BCN group on 
the SWCNT reacts with Nitrone-AuNP. 
 
5.3 Conclusion 
In summary, we reported the first synthesis of small (2-3nm) water- and organic 
solvent-soluble AuNPs with nitrone functionalities incorporated onto the gold surface.  
These Nitrone-AuNPs were fully characterized using a variety of techniques including 
1
H 
NMR and UV-vis spectroscopy, TGA, TEM and XPS. The amount of nitrone moieties 
present on the surface was calculated with good precision using independent methods that 
allows for a more quantitative approach for their further modification. Using 
bicyclononyne derivatives as the representative strained alkyne we demonstrated that 
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these Nitrone-AuNPs undergo fast and efficient i-SPANC reaction with quantitative 
yield. To showcase the usefulness of i-SPANC reaction for in vivo applications we 
prepared 
18
F-labeled AuNPs by designing a prosthetic group with strained alkyne 
available for the reaction with the nitrone groups present on the nanoparticles’ surface. 
Our ongoing studies will evaluate the utility of SPANC for the preparation of 
18
F-
radiolabeled AuNPs with higher yields. This will allow us to study their in vivo 
biodistribution and their usefulness for PET imaging applications. A major future 
application of the above approach is to use nanoparticle platforms for targeted molecular 
imaging. Nanoparticles allow multivalent attachment of various ligands, small molecules, 
biomolecules or even drugs. This together with optimized kinetics of SPANC reaction of 
the Nitrone-AuNPs would allow a modular approach to rapidly building and testing such 
materials. Furthermore, in an attempt to extend the utility of i-SPANC reactions to 
material surface modification, we prepared CNT-AuNP hybrid materials. Efficiency of 
the i-SPANC reaction leads to a robust and stable hybrid material thanks to the covalent 
bond linking the two nano-partners. The strategy introduced here can be exploited for 
creating a wide variety of hybrid materials using other carbonaceous materials (e.g. 
graphene or micro-diamonds) for device applications. 
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5.4 Experimental 
General Materials and Methods 
The following reagents, unless otherwise stated, were used as received. Triethylene 
glycol monomethylether, tetraethylene glycol, 4-dimethylaminopyridine (DMAP), 
potassium thioacetate, deuterated acetonitrile (CD3CN), deuterated chloroform (CDCl3), 
tetrachloroauric acid trihydrate, sodium borohydride, p-toluenesulfonyl chloride, N-
methylhydroxylamine hydrochloride, sodium azide, triphenylmethanethiol, 
triisopropylsilane (TIPS), N,N-Diisopropylethylamine (DIPEA), phthalimide potassium, 
sodium iodide, hydrazine monohydrate, cesium fluoride, single wall carbon nanotubes 
(carbon >90 %, ≥70% carbon as SWCNT), and O-(Benzotriazol-1-yl)-N,N,N′,N′-
tetramethyluronium hexafluorophosphate (HBTU), and N-[(1R,8S,9s)-
Bicyclo[6.1.0]non-4-yn-9-ylmethyloxycarbonyl]-1,8-diamino-3,6-dioxaoctane (BCN-
amine) were purchased from Sigma-Aldrich. All common solvents, triethyleneamine, 
sodium sulfate anhydrous, dry methanol, tert-butanol, hydrochloric acid, trifluoroacetic 
acid, sodium hydroxide, sodium bicarbonate and potassium carbonate were purchased 
from Caledon. Deuterated water (D2O) was purchased from Cambridge Isotope 
Laboratories. Ethanol was purchased from Commercial Alcohols. Glacial acetic acid 
(99.7%) was purchased from BDH. Dialysis membranes (MWCO 6000-8000) were 
purchased from Spectra/Por. 
 1
H, and 
13
C and 
19
F {
1
H} NMR spectra were recorded on either a Varian Inova 400 
MHz, Varian Inova 600 MHz or a Varian Mercury 400 MHz spectrometer and were 
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calibrated against the residual protonated solvents. Transmission electron microscopy 
(TEM) images were recorded from a TEM Philips CM10. The TEM grids (Formvar 
carbon film on 400 mesh copper grids) were purchased from Electron Microscopy 
Sciences and prepared by drop casting solution of nanoparticles directly onto the grid 
surface. Mass spectrometry measurements were carried out using a Micro mass LCT 
(electrospray time-of-flight) mass spectrometer. Thermogravimetric Analysis (TGA) 
measurements were recorded by loading the sample in 70 µL ceramic crucible and 
heating from 25-750 °C with a rate of 10 °C min
-1
. The experiments were performed 
under a nitrogen flow of 70 ml min
-1
 in a Mettler Toledo TGA/SDTA 851 instrument. 
The XPS analyses were carried out with a Kratos Axis Ultra spectrometer using a 
monochromatic Al K(alpha) source (15mA, 14kV). The instrument work function was 
calibrated to give a binding energy (BE) of 83.96 eV for the Au 4f7/2 line for metallic 
gold and the spectrometer dispersion was adjusted to give a BE of 932.62 eV for the Cu 
2p3/2 line of metallic copper. Specimens were mounted on a double sided adhesive tape 
and the Kratos charge neutralizer system was used on all specimens. Survey scan 
analyses were carried out with an analysis area of 300 x 700 microns and pass energy of 
160 eV. High resolution analyses were carried out with an analysis area of 300 x 700 
microns and pass energy of 20 eV. Spectra have been charge corrected when needed to 
the main line of the carbon 1s spectrum set to 285.0 eV for aliphatic carbon. Spectra were 
analyzed using CasaXPS software (version 2.3.14). UV-Vis spectra were collected 
employing a Varian Cary 300 Bio spectrometer in acetonitrile. The FTIR spectra were 
carried out using KBr pellets on a Bruker Vector33 spectrometer. 
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Synthetic details 
Compound 1 
Triphenylmethanethiol (0.99 g, 3.58 mmol) was dissolved in a solution of 
ethanol/benzene (1:1, 10 mL) and NaOH (0.18 g, 4.00 mmol) in 4 mL of H2O was added. 
Then tetraethylene glycol monosulfunate (1.05 g, 3.00 mmol) was also dissolved in a 
solution of ethanol/benzene (1:1, 8 mL) and added to the triphenylmethanethiol mixture. 
The new reaction mixture was stirred overnight at room temperature. Once the reaction 
was completed (checked by TLC) all the mixture was poured into a saturated solution of 
NaHCO3 and washed three times. The organic layer was separated and added into 
saturated solution of NaCl and also washed for three times. Afterward the organic layer 
was separated, dried over Na2SO4, and concentrated in vacuo. The crude product was 
purified by column chromatography over silica gel using ethyl acetate eluent to give 1 in 
96% yield. 
1
H NMR (400 MHz, CDCl3)  (ppm); 2.44 (t, J = 6.8 Hz, 2H), 3.31 (t, J = 6.8 
Hz, 2H), 3.46 (dd, J = 5.7, 3.7 Hz, 2H), 3.57-3.72 (m, 10H), 7.19-7.30 (m, 9H), 7.42 (m, 
6H),; 
13
C NMR (400 MHz CDCl3); 31.6, 61.7, 66.6, 69.6, 70.1, 70.3, 70.4, 70.6, 72.5, 
126.6, 127.8, 129.6, 144.8. HRMS (ESI) [M]
+
 calcd for C27H32O4S 452.2023; found 
452.2021. 
Compound 2 
A flame-dried, two-necked, 250 mL round-bottomed flask was purged with Ar and 
then was charged with alcohol 1 (2.1 g, 4.6 mmol mmol) in dry CH2C12 (0.2 M in 
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starting alcohol). The flask was immersed in an ice-water bath. Dimethyl sulfoxide 
(360.1 mg, 9.2 mmol) and phosphorus pentoxide (1.3 g, 9.2) were added sequentially. 
The reaction mixture was allowed to stir and warm to room temperature until 
disappearance of starting material by TLC (4 h). The flask was immersed again in the ice-
water bath; then triethylamine (1.63 g, 16.1 mmol) was added dropwise over 10 minutes. 
Stirring was continued for 45 minutes. The reaction was quenched with 10% aqueous 
HCl and extracted with CH2Cl2. The organic extracts were washed with saturated 
aqueous NaCl, dried over anhydrous Na2SO4 filtered, and concentrated in vacuo. The 
crude product was purified by column chromatography over silica gel using hexane/ethyl 
acetate (1:3 v/v) as the eluent providing aldehyde 2 as a light yellow oil in 77% yield. 
1
H 
NMR (400 MHz, CDCl3)  (ppm); 2.42 (t, J = 6.7 Hz, 2H), 3.29 (t, J = 7.0 Hz, 2H), 3.44 
(m, 2H), 3.55-3.70 (m, 6H), 4.11 (m, 2H), 7.18-7.26 (m, 9H), 7.40 (m, 6H), 9.67 (s, 1H); 
13
C NMR (400 MHz CDCl3); 31.3, 66.3, 69.6, 69.8, 70.2, 70.4, 70.9, 126.3, 127.5, 129.3, 
144.9, 200.5. HRMS (ESI) [M]
+
 calcd for C27H30N2O4S 450.1866; found 450.1864. 
Compound 3 
Aldehyde 2 (1.1 g, 2.3 mmol), N-methylhydroxylamine hydrochloride (450 g, 4.7 
mmol), and triethylamine (875 mg, 9.4 mmol) were mixed in dry acetonitrile (50 mL). 
After reaction completion (3h, checked by TLC) the solvent was evaporated and 
substituted with CH2Cl2. The organic was then washed with saturated aqueous NaCl three 
times, dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. The crude 
product was purified by column chromatography over silica gel using 
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dichloromethane/ethyl acetate/methanol (10:3:1 v/v) as the eluent to give nitrone 3 as a 
yellow oil in 89% yield. 
1
H NMR (400 MHz, CDCl3)  (ppm); 2.44 (t, J = 7.0 Hz, 2H), 
3.32 (t, J = 7.0 Hz, 2H), 3.48 (m, 2H), 3.58 (m, 2H), 3.62-3.67 (m, 6H), 4.44 (m, 2H), 
6.89 (t, J = 4.5 Hz, 1H) 7.20-7.30 (m, 9H), 7.41 (m, 6H); 
13
C NMR (400 MHz CDCl3); 
31.6, 52.0, 66.5, 66.6, 69.6, 70.1, 70.2, 70.5, 70.9, 126.6, 127.8, 129.5, 138.5, 144.7; 
HRMS (CI) [M+H]
+
 calcd for C28H33NO4S 480.2209; found 480.2210. 
Compound 4 
To a solution of nitrone 3 (400 mg, 0.8 mmol) and TFA (1.9 g, 16.7 mmol) in DCM 
(20 mL) was added TIPS (0.21 mL, 1 mmol) as a carbocation scavenger. The reaction 
mixture was stirred under Ar for 1 h. The solution was washed with 0.2 M NaHCO3 and 
brine, dried over Na2SO4 and concentrated. The crude was purified by column 
chromatography over silica gel using dichloromethane/ethyl acetate/methanol (10:3:1 
v/v) as the eluent to give thiol 4 as a pale yellow oil. We were unsuccessful in purifying 
compound 4 completely as a small percentage hydrolyzes back to the aldehyde over the 
course of purification. 
1
H NMR (400 MHz, CDCl3)  (ppm); 1.54 (t, J = 8.2 Hz, 1H), 
2.56 (m, 2H), 3.54-3.63 (m, 14H), 4.40 (m, 2H), 6.86 (t, J = 4.5 Hz, 1H); 
13
C NMR (400 
MHz CDCl3); 24.2, 52.1, 66.6, 70.2, 70.3, 70.5, 70.9, 72.8, 138.4. HRMS (CI) [M+H]
+
 
calcd for C9H20NO4S calculated: 238.1113, found: 238.1119. 
 
 
   216 
 
Compound 5 
 
Scheme ‎5.7. Synthetic procedure towards the preparation of compound 5. 
 
All the steps in preparation of compound 5 were carried out according to previous 
reports as illustrated in Scheme  5.7.
22
 In a typical synthesis, Rh2 (OAc)4 (0.776 g, 1.76 
mmol) was dissolved in dry CH2Cl2 (20 mL) under argon atmosphere. Cyclooctadiene 
(40 mL, 0.33 mmol) was then added to the solution. In a separate flask, ethyl diazoacetate 
(4.3 mL, 41 mmol) was also dissolved in dry CH2Cl2 (20 mL) and then slowly added to 
the cyclooctadiene solution. Evolution of nitrogen gas was observed right away. The dark 
green solution was stirred at room temperature for two days. After the solvent was 
evaporated, the excess cyclooctadiene was recovered by column chromatography on 
silica gel using hexanes as the eluent. After elution of cyclooctadiene, the endo/exo-a 
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isomers were separated using hexanes/Et2O 9:0.5 as the eluent. The two isomers were 
obtained as a colorless oil (6.979 g, 88% overall yield, 36% endo and 64% exo). Rf exo = 
0.6, Rf endo = 0.4 in hexanes/Et2O 9:0.5. 
Only the endo isomer was used for the following steps. A suspension of LiAlH4 
(1.371 g, 36.11 mmol) in dry Et2O (80 mL) was cooled to 0 ºC. Compound endo-a, from 
the previous step, (7.8 g, 40.4 mmol) was also dissolved in dry Et2O (90 mL) and cooled 
to 0 ºC before dropwise addition to the reaction flask. The gray solution was stirred for 15 
min at room temperature, then it was cooled again to 0 ºC and distilled water was added 
dropwise under normal atmosphere until formation of a white precipitate was observed. 
The mixture was dried over Na2SO4, and the solids were filtered off and washed with 
Et2O. The solvent was evaporated to obtain intermediate endo alcohol. No further 
purification was performed. 
Compound endo-b from the previous step was dissolved in CH2Cl2 (250 mL) and 
cooled to 0 ºC. A solution of Br2 (2.6 mL, 51 mmol) in CH2Cl2 was added dropwise at 0 
ºC to the alkene solution until a light yellow color persisted. The reaction mixture was 
quenched with a 10% Na2S2O3 solution (70 mL). After vigorous stirring for a few 
minutes, the solution turned colorless and was then extracted with CH2Cl2 (4 x 15 mL). 
The organic layer was dried with Na2SO4, filtered and concentrated in vacuo to give 
endo-c as a thick yellow oil in 90% yield over the two last steps. No further purification 
was performed. 
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The endo-c from the previous step was dissolved in dry THF (80 mL) and cooled to 
0 ºC. A 1M solution of KOtBu in THF (120 mL) was added dropwise into the reaction 
flask. After addition the solution turned orange. At this point the ice-bath was removed, 
the temperature was raised to 70 ºC, and the reaction mixture was refluxed for 2 h. After 
cooling to room temperature the reaction mixture was quenched with saturated NH4Cl 
(200 mL) and the product was extracted with CH2Cl2. The collected organic fractions 
were dried with MgSO4, filtered and concentrated in vacuo. The crude product was 
purified by column chromatography (3:1 Et2O/hexanes) to give endo-BCN 5 as a white 
solid in 62% yield. 
1
H NMR (CDCl3, 400 MHz);  (ppm) 0.90-0.99 (m, 2H), 1.30- 1.39 
(m, 2H), 1.56-1.66 (m, 2H), 2.20-2.35 (m, 6H), 3.74 (d, J = 8.0 Hz, 2H). 
13
C NMR 
(CDCl3, 400 MHz): 20.0, 21.4, 21.5, 29.0, 60.0, 98.9. HRMS (CI) [M+H]
+
 calcd for 
C10H15O 151.1123; found 151.1118. 
Compound 6 
 
Scheme ‎5.8. Synthetic procedure towards the preparation of compound 6. 
 
6
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Compound 6 was prepared according to Scheme  5.8. A flame-dried, two-necked, 
250 mL round-bottomed flask was purged with Ar and then was charged with triethylene 
glycol monomethyl ether (2.0 g, 12.2 mmol) in dry CH2C12 (0.2 M in starting alcohol). 
The flask was immersed in an ice-water bath. Dimethyl sulfoxide (955 mg, 24.4 mmol) 
and phosphorus pentoxide (3.56 g, 24.4) were added sequentially. The reaction mixture 
was allowed to stir and warm to room temperature until disappearance of starting 
material by TLC (~3 h). The flask was immersed in the ice-water bath again; then 
triethylamine (4.32 g, 42.7 mmol) was added dropwise over 10 minutes. Stirring was 
continued for 45 minutes. The reaction was quenched with 10% aqueous HCl and 
extracted with CH2Cl2. The organic extracts were washed with saturated aqueous NaCl, 
dried over anhydrous Na2SO4 filtered, and concentrated in vacuo. Next, without further 
purification the crude aldehyde (720 mg, 4.4 mmol), N-methylhydroxylamine 
hydrochloride (742 mg, 8.8 mmol), and triethylamine (1.8 g, 9.4 mmol) were mixed in 
50mL of dry acetonitrile. After reaction completion (3h, checked by TLC) the solvent 
was evaporated and substituted with CH2Cl2. The organic was then washed with saturated 
aqueous NaCl three times, dried over anhydrous Na2SO4, filtered, and concentrated in 
vacuo. The crude product was purified by column chromatography over silica gel using 
dichloromethane/ethyl acetate/methanol (10:3:1 v/v) as the eluent to provide model 
nitrone 6 as a yellow oil in 64% overall yield. 
1
H NMR (400 MHz, CDCl3)  (ppm); 3.93 
(s, 3H), 3.57 (m, 2H), 3.65-3.70 (m, 10H), 4.46 (m, 2H), 6.95 (t, 1H, J = 4.5 Hz); 
13
C 
NMR (400 MHz CDCl3); 52.0, 58.9, 65.6, 70.2, 70.4, 70.8, 71.8, 138.6. HRMS (CI) 
[M+H]
+
 calcd for C8H17NO4 192.1236; found 191.1236. 
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Compound 7 
The model azide 7 was obtained by dissolving triethylene glycol monomethyl ether 
tosylate (1.9500 g, 6.1 mmol) in acetonitrile (20 mL) in a 50 ml three necks round bottom 
flask. To this solution NaN3 (1.1969 g, 18.4 mmol) were added and the reaction mixture 
was refluxed for 72h. The solvent was evaporated under vacuum and the resulting orange 
oil was dissolved in CH2Cl2 and washed with distilled water. The organic phase was 
dried using anhydrous Na2SO4. After filtration, the solvent was removed under reduced 
pressure to give compound 7 as a yellow oil with 58% yield. 
1
HNMR (CDCl3, 400 MHz) 
3.29 (s, 3H), 3.37 (t, J = 4 Hz, 2H), 3.46 (t, J = 4 Hz, 2H), 3.58 (m, 8H). HRMS (CI) 
[M+H]
+
 calcd for C7H15N3O3 190.1193; found 190.1192. 
Compound 8 
Tetraethylene glycol monosulfunate (2.0 g, 5.7 mmol) and sodium iodide (0.9 g, 
6.0 mmol) were dissolved in acetone (50 mL). The reaction mixture was stirred and 
heated at 60 °C in a pre-heated oil bath overnight and monitored by TLC (acetone/DCM 
1:1) using UV light and potassium permanganate stain. The crude product purified by 
flash column chromatography (acetone/DCM 1:1) to give a light yellow oil as the desired 
intermediate in 81%. 
1
H NMR (400 MHz, CDCl3)  (ppm); 3.27 (t, J = 8 Hz, 2H), 3.62 (t, 
J = 4 Hz, 2H), 3.63–3.68 (m, 8H), 3.73–3.78 (m, 4H); 13C NMR (400 MHz, CDCl3); 2.8, 
61.8, 70.2, 70.3, 70.5, 70.7, 72.0, 72.5; HRMS (CI) [M+H]
+
 calcd for C8H17IO4  
305.0244; found 305.0243. 
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Compound 9 
Compound 8 (1.24 g, 4.1 mmol) and potassium phthalimide (0.76 g, 4.1 mmol) 
were added into the reaction flask and dissolved in dry DMF (5 mL) under argon 
atmosphere. While stirring, the reaction flask was immersed in a pre-heated oil bath at 
110˚C and stirred overnight. The reaction progress was monitored by TLC 
(hexane/EtOAc/MeOH 7:7:1) using UV light. The reaction mixture was allowed to cool, 
filtered and concentrated in vacuo. Without further purification crude product (1.3 g, 4.1 
mmol), triethylamine (1.0 g, 10.1 mmol) and DMAP (0.1 g, 0.9 mmol) were dissolved in 
CH2Cl2 (30 mL). The reaction mixture was cooled to 0˚C then tosyl chloride (0.75 g, 4.4 
mmol) was slowly added while stirring vigorously. The reaction was allowed to cool to 
room temperature overnight and the progress was monitored by TLC (7:7:1 
hexane/EtOAc/MeOH). The crude product was purified by flash column chromatography 
(7:7:1 hexane/EtOAc/MeOH) to give the final product as a clear and colorless oil in 37 % 
yield). 
1
H NMR (400 MHz, CDCl3)  (ppm);  2.45 (s, 3H), 3.50–3.53 (m, 4H), 3.55–3.58 
(m, 2H), 3.61–3.66 (m, 4H), 3.73 (t, J = 4 Hz, 2H), 3.90 (t, J = 4 Hz, 2H), 4.14 (t, J = 4 
Hz, 2H), 7.34 (dd, J = 8, 184 Hz, 2H), 7.72 (ddd, J = 4, 6, 52 Hz, 2H), 7.80 (dd, J = 8, 
184 Hz, 2H), 7.85 (ddd, J = 4, 6, 52 Hz, 2H); 
13
C NMR (400 MHz, CDCl3) 21.6, 37.3, 
67.9, 68.7, 69.2, 70.1, 70.6, 70.7, 123.3, 128.0, 129.8, 132.1, 133.0, 144.7, 168.2. HRMS 
(ESI) [M]
+
 calcd for C23H27NO8S 477.1457; found 477.1468. 
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Compound 10 
Compound 9 (480 mg, 1 mmol) and CsF (760 mg, 5 mmol) were dissolved in tert-
butanol (10 mL) and stirred at 60 °C for 5 h. after removal of the solvent, the crude was 
purified using column chromatography (19:1 DCM: MeOH) to provide compound 9 as a 
white solid in 86% yield. 
1
H NMR (400 MHz, CDCl3)  (ppm);  3.62-3.76 (m, 12H), 3.91 
(t, J = 5.8, 2H), 4.55 (dt, J = 4.0, 32.0, 2H), 7.72 (m, 2H), 7.86 (m, 2H); 
13
C NMR (400 
MHz, CDCl3) 37.3, 67.9, 70.1, 70.3, 70.6, 70.7, 82.3, 84.0, 123.2, 132.1, 133.9, 144.7, 
168.2. HRMS (CI) [M+H]
+
 calcd for C16H20FNO5 325.1326; found 325.1335. 
Compound 11 
Compound 10 (470 mg, 1.45 mmol) was dissolved in 95% ethanol (15 mL). 
Hydrazine monohydrate (500 mg, 0.49 mL) was added to it and the reaction mixture was 
refluxed for 5 h. After TLC showed the reaction was complete, the reaction mixture was 
cooled to room temperature and the precipitated phthalyl hydrazide was filtered. The 
filtrate was then treated with 2M HCl and the solid residue was separated by filtration. 
The filtrate was concentrated and extracted with dichloromethane (x5). The combined 
organic solution was dried over Na2SO4 and concentrated. The crude was used in 
preparation of compound 12 without any further purification. 
1
H NMR (400 MHz, 
CDCl3)  (ppm); 2.71 (t, J = 5.5, 2H), 3.40 (t, J = 5.5, 2H), 3.52-3.59 (m, 8H), 4.45 (m, 
1H), 4.57 (m, 1H); HRMS (ESI) [M]
+
 calcd for C8H18FNO3 195.12714; found 195.1275.  
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Compound 12 
Compound 12 was prepared according to the previous reports 
22
 and was used in 
preparation of compound 13. To a solution of endo-BCN 5 (500 mg, 3.33 mmol) in 
CH2Cl2 (25 mL) was added pyridine (229 μL, 8.31 mmol) and p-NO2PhOC(O)Cl (838 
mg, 416 mmol). After stirring for 15 min at room temperature the mixture was quenched 
with saturated NH4Cl-solution (75 mL) and extracted with CH2Cl2 (3 x 15 mL). The 
organic layer was dried over anhydrous Na2SO4 and concentrated in vacuo. The residue 
was purified by column chromatography on silica gel (Et2O: Hexanes, 1:1) to afford 12 
as a white solid in 76% yield. 
1
H NMR (CDCl3, 400 MHz)  (ppm); 1.02-1.12 (m, 2H), 
1.47-1.56 (m, 1H), 1.57-1.67 (m, 1H), 2.22-2.40 (m, 6H), 4.41 (d, J = 8.4 Hz, 2H), 7.40 
(d, J = 9.6 Hz, 2H), 8.28 (d, J = 9.2 Hz, 2H); 
13
C NMR (CDCl3, 400 MHz) 17.2, 20.5, 
21.3, 29.0, 68.0, 98.7, 121.7, 125.3, 145.3, 152.5, 155.6. 
Compound 13 
Compound 12 (81 mg, 0.26 mmol) was dissolved in dry DMF (0.5 mL) and was 
cooled on ice while purging with argon. In a separate flask, compound 11 (200 mg, 1.02 
mmol) was dissolved in dry DMF (1 mL) and NEt3 (0.2 mL, 1.02 mmol) was added. 
After purging this mixture with argon for 15 minutes, it was transferred to the first flask 
using a canula and the reaction mixture was stirred at 0 °C for 20 minutes. After the TLC 
showed reaction was completed, the mixture was concentrated and then extracted (x5) 
using EtOAc. The combined organic solution was washed with brine and dried over 
Na2SO4 and concentrated. The crude was purified using column chromatography using 
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EtOAc providing compound 13 as very light yellow oil in 57% yield. 
1
H NMR (400 
MHz, CDCl3)  (ppm);  0.95 (m, 2H), 1.36 (m, 1H), 1.60 (m, 2H), 2.21-2.32 (m, 6H), 
3.36 (m, 2H), 3.57 (t, J = 4.9 Hz, 2H), 3.62-3.73 (m, 8H), 3.74 (t, J = 4 Hz, 1H), 3.79 (t, J 
= 4 Hz, 1H), 4.14 (d, J = 8.2, 2H), 4.58 (dt, J = 32, 2.4, 2H), 5.28 (br.s, 1H); 
13
C NMR 
(400 MHz, CDCl3) 18.1, 20.4, 21.7, 29.3, 41.1, 42.1, 63.0, 70.4, 70.6, 70.8, 70.9, 70.9, 
71.1, 82.6, 84.3, 99.1, 157.1. HRMS (ESI) [M]
+
 calcd for C19H30FNO5 371.2109; found 
371.2108. 
Synthesis of Nitrone-AuNPs 
The Me-EG3-AuNPs were synthesized according to our previously established 
procedure.
53
 HAuCl4·3H2O (1.4564 g, 3.7 mmol, 1.0 eq.) was dissolved in a mixture of 
dry methanol (503 mL) and glacial acetic acid (83 mL). To this yellow solution was 
added Me-EG3-SH (2.0 g, 11 mmol, 3.0 eq.). The slightly darkened solution was stirred 
vigorously for 2 h and the solution color slightly faded. A solution of NaBH4 (1.3997 g, 
37 mmol, 10.0 eq.) in milli-Q water (96 mL) was added dropwise to the reaction mixture 
under vigorous stirring. The mixture turned dark brown immediately. After overnight 
stirring at ambient temperature, the solution was concentrated and diluted with brine. The 
Me-EG3-AuNPs were extracted with toluene while adding sodium chloride to the 
aqueous phase after each extraction to maintain the saturation. The aqueous phase was 
eventually colorless. The combined organic phases were then concentrated in vacuo. 
Evaporation of the solvent left a thin film of nanoparticles which was then rinsed with 
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hexanes to remove the excess free thiol. The crude Me-EG3-AuNPs were dissolved in 
nanopure H2O and further purified by overnight dialysis.  
Next, to a solution of Me-EG3-AuNPs (180 mg) in CH2Cl2 (25 mL) was added a 
solution of thiol 4 (30 mg, 0.13 mmol) in CH2Cl2 (5 mL) while stirring vigorously. After 
30 minutes of stirring, the solvent was evaporated to form a film of nanoparticles. This 
film was washed (x5) with haxanes/isopropanol (10:1) to remove most of the unbound 
thiols present. Next, AuNPs were dissolved in milli-Q water and further purified by 
overnight dialysis. All the characterization details can be found in the supporting 
information. 
Proof of concept SPANC reactions using model nitrone 6 and Nitrone-AuNPs 
Synthesis of isoxazoline 14  
In a typical experiment, nitrone 6 (19.1 mg, 100 µmol) was mixed with endo-BCN 
5 (30.0 mg, 200 µmol) at room temperature in a mixture of CH3CN/H2O (3: 1) (2 mL). 
After reaction went to completion, the solvent was removed to afford the endo-
cycloadduct 14 as an inseparable mixture of isomers in quantitative yield. 
1
H NMR (400 
MHz, CDCl3)  (ppm); 0.87-1.04 (m, 2H), 1.13–1.19 (m, 1H), 1.49-1.63 (m, 2H), 1.95-
2.05 (m, 2H), 2.11-2.28 (m, 2H), 2.29-2.43 (m, 2H), 2.68 (s, 3H), 3.39 (s, 3H), 3.44-3.74 
(m, 14H); 
13
C NMR (400 MHz, CDCl3); 18.5, 18.8, 18.9, 19.8, 20.1, 20.6, 20.7, 21.8, 
22.1, 25.4, 25.6, 26.0, 26.1, 46.6, 59.0, 60.0, 70.5, 70.6, 70.7, 71.9, 72.8, 101.9, 102.2, 
146.6, 146.9. HRMS (CI) [M+H]
+
 calcd for C18H31NO5  342.2228; found 342.2230. 
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Synthesis of isoxazoline AuNPs 
To test the i-SPANC at the Nitrone-AuNP interface, Nitrone-AuNPs were reacted 
with endo-BCN 5. In a typical experiment of Nitrone-AuNPs (10 mg, 8.4 μmol of 
nitrone) were mixed with compound 5 (2.5 mg, 16.8 μmol) in a mixture of CH3CN/H2O 
(3: 1) (1 mL). Reaction was followed using 
1
H NMR spectroscopy following the 
disappearance of nitrone’s signature signals at 4.4 and 7.4 ppm. After reaction 
completion, the solvent was evaporated to form a film of nanoparticles. This film was 
then washed repeatedly (x5-7) to remove any excess BCN 5.  
Synthesis of isoxazoline 16  
In a typical experiment, nitrone 6 (19.1 mg, 100 µmol) was mixed with endo-BCN 
13 (37.1 mg, 100 µmol) at room temperature in a mixture of CH3CN/H2O (3:1) (2 mL). 
After reaction went to completion, the solvent was removed. The crude product was 
purified using column chromatography (eluent: EtOAc) to afford the endo-cycloadduct 
16 as an inseparable mixture of isomers in 91% yield. 
1
H NMR (400 MHz, CDCl3)  
(ppm); 0.86-1.05 (m, 2H), 1.13–1.22 (m, 1H), 1.48-1.63 (m, 2H), 1.91-2.02 (m, 2H), 
2.07-2.40 (m,  2H), 2.68 (s, 3H), 3.33-3.42 (m, 5H), 3.50-3.74 (m, 21H), 3.80 (t, J = 4, 
1H), 4.15 (m, 2H), 4.58 (dt, J = 48, 4, 2H), 5.21 (br.s 1H); 
13
C NMR (400 MHz, CDCl3); 
18.5, 18.8, 18.9, 19.8, 20.1, 20.6, 20.7, 21.8, 22.1, 25.4, 25.6, 26.0, 26.1, 46.6, 59.0, 60.0, 
70.5, 70.6, 70.7, 71.9, 72.8, 101.9, 102.2, 146.6, 146.9; 
19
F {
1
H} NMR (400 MHz, 
CDCl3) -223.36. HRMS (CI) [M+H]
+
 calcd for C27H47FN2O9  563.3345; found 563.3341. 
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Synthesis of F-isoxazoline AuNPs 
In a typical experiment Nitrone-AuNPs (10 mg, 8.4 μmol of nitrone) were mixed 
with compound 13 (3.1 mg, 8.4 μmol) in a mixture of CH3CN/H2O (3:1) (1 mL). 
Reaction was followed using 
1
H NMR spectroscopy following the disappearance of 
nitrone’s signature signals at 4.4 and 7.4 ppm. After reaction completion, the solvent was 
evaporated to form a film of nanoparticles. This film was then washed repeatedly (x5-7) 
to remove any excess BCN 13. The resulting AuNPs were then further purified by 
dialysis in milli-Q water.  
Synthesis of 
18
F-AuNPs 
 
Scheme ‎5.9. Reaction pathway towards the synthesis of [18F] 13 prosthetic group and their i-
SPANC reaction to prepare [
18
F] AuNPs. 
   228 
 
 [
18
F] AuNPs were prepared following reaction Scheme  5.9. First, an aqueous [
18
F] 
fluoride solution was produced from cyclotron and trapped on the carbonated QMA 
cartridge. 1 mL of CH3CN/H2O (90/10; v/v) solution containing potassium carbonate (1 
mg) and kryptofix 2.2.2 (6-8 mg) was used to elute [
18
F] fluoride into glass vial. The 
solvent was removed on at 75 °C in vacuum. [
18
F] fluoride was dried twice by adding 1 
mL of anhydrous acetonitrile and evaporated in vacuum. 500 μL of anhydrous 
acetonitrile containing 10-20 mg of compound 9 reaction mixture was added to reaction 
vials and heated at 90 °C for 5 min. Next the reaction mixture was cooled down to room 
temperature, diluted with 3 mL of H2O and purified on HPLC (eluent: flow rate 4 
ml/min, acetonitrile/H2O, 36% containing 0.1% TFA) to get [
18
F] 10. The solvent was 
evaporated on V-10 evaporator at 50 °C. Next, 500 μL of hydrazine monohydrate was 
added into the vial containing [
18
F] 10. The reaction mixture was heated at 60 °C for 5 
mins, diluted with 1 mL of water and trapped on the C18 cartridge. Subsequently, 500 μL 
of acetonitrile was used to elute resulting [
18
F] 11 through C18 cartridge into the vial 
containing 3 mg of compound 12 in 200 μL of acetonitrile and then 50 μL of TEA was 
added. The reaction mixture was heated at 60°C for 20 min and diluted with 700 μL of 
water. Next, [
18
F] 13 was purified on semi-preparative C18 column (eluent: flow rate 4 
ml/min, acetonitrile/H2O, 50% containing 0.1% TFA) and dried on V-10 evaporator at 50 
°C.  
The [
18
F] AuNPs were prepared from the i-SPANC reaction between [
18
F] 13 and 
Nitrone-AuNPs. An aqueous solution of [
18
F] 13 was added to 500 μg of AuNP in 200 μL 
of PBS buffer (0.1 M) and reacted at room temperature for 20 min. the reaction mixture 
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was purified on PD-10 desalting column to get [
18
F] AuNP. The total yield is ~6% after 
decay correction. 
Synthesis of SWCNT-BCN 
In a typical synthesis, SWCNT (20 mg) were dispersed in dry MeOH (10 mL) in a 
round bottom flask. The system was cooled down to 0ºC, and the solution was purged 
with argon for 10 minutes. In a separate flask, O-Benzotriazole-N,N,N’,N’-tetramethyl-
uronium-hexafluoro-phosphate (HBTU) (30 mg, 64 μmol) and N,N-
Diisopropylethylamine (DIPEA) (23 μL, 128 μmol) were dissolved in a mixture of 
CH3CN/MeOH (1:2) (5 mL) and purged with argon for 10 min. After the two solutions 
were purged, the HBTU/DIPEA mixture was transferred using a glass syringe into the 
ice-cold solution of CNT suspension and the reaction mixture was left for 15 min at 0ºC. 
In a third round bottom flask, a solution of N-[(1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-
ylmethyloxycarbonyl]-1,8-diamino-3,6-dioxaoctane (BCN-amine) (41 mg, 128 μmol) in 
acetonitrile (2 mL) was purged with argon. After 15 min the solution of BCN-amine was 
injected into the ice-cold solution of CNT, HBTU and DIPEA mixture. The ice bath was 
removed and the reaction mixture was left overnight under vigorous stirring. The solution 
was then centrifuged (10 min, 6000 rpm) and the supernatant was removed. The resulting 
SWCNT-BCN was re-dispersed in acetonitrile, sonicated for 10 min, centrifuged again, 
and the solvent was decanted. This washing protocol was repeated once more, then 
acetonitrile was substituted with water and the SWCNT-BCN were washed and 
centrifuged twice. This ensured that there was no unreacted BCN-amine. Finally, the 
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solvent was evaporated and the SWCNT-DBCO was dispersed in a phosphate buffer 
solution (PBS) pH 7.0 to obtain a concentration of 2 mg/mL. This mother solution was 
later used for the SPANC reaction with the Nitrone-AuNPs. 
i-SPANC reaction between Nitrone-AuNP and SWCNT-BCN 
In a typical synthesis, to the mother solution of SWCNT-BCN (1 mL) Nitrone-
AuNPs (5 mg) were added, and the reaction mixture was then diluted to 5 ml with PBS 
pH 7.0. The system was stirred for 1 hour at room temperature and then the SWCNT-
AuNPs were centrifuged in a Pyrex centrifuge test tube. The supernatant was removed, 
and the decorated CNT were dispersed in water, sonicated for 10 minutes and 
centrifuged. Subsequently, water was substituted first with acetone, then with 
dichloromethane, and the washing procedure (sonication and centrifugation) was repeated 
four more times. This protocol was to ensure removal of any non-covalently bound 
AuNP. 
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5.6 Supporting Information 
This section contains the data to support the work carried out in chapter five of this 
thesis. It includes NMR spectra of Nitrone-AuNPs and the interfacially modified AuNPs, 
NMRs and rate plots for the kinetic studies, TGA graphs and TEM images and the 
calculations made thereafter to determine the AuNPs raw formula. High resolution XPS 
spectra of SWCNT-AuNP hybrid material, its IR spectrum, and TEM images of the 
hybrid CNT-AuNP and the control experiments are also included in this section. 
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Figure S‎5.1. 1H NMR spectrum of Nitrone-AuNPs in D2O.
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Figure S‎5.2. 1H NMR spectrum of compound isoxazoline AuNPs in D2O. 
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Figure S‎5.3. 1H NMR spectrum of compound F-isoxazoline AuNPs in D2O. 
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Figure S‎5.4. 19F {1H} NMR spectrum of compound F-isoxazoline AuNPs in D2O. 
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Figure S‎5.5. 1H NMR spectra array for a representative kinetic study of SPACC reaction of 
nitrone 6 and BCN 5 to prepare compound 14. 
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Figure S‎5.6. 1H NMR spectra array for a representative kinetic study of SPAAC reaction of azide 
7 and BCN 5 to prepare compound 15. 
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Figure S‎5.7. TGA (top) and deconvolution of the TGA first derivative curve (bottom) of the 
Nitrone-AuNPs.   
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Calculation of the nanoparticles raw formula 
From the deconvolution of the TGA derivative (see Figure S 5.7, bottom) it is 
possible to calculate the amount (in milligram) of the two ligands (Me-EG3-SH and 
Nitrone-EG4-SH) per milligram of Nitrone-AuNPs. Having this information and using 
the following equations we can calculate the raw formula for Nitrone-AuNPs. 
𝑁𝐴𝑢 =
𝜋𝜌𝑑3𝑁𝐴
6𝑀𝐴𝑢
 
ρ = density of face centered cubic (fcc) gold lattice (19.3 g cm-1) 
d = average diameter of nanoparticles in centimeters (from TEM images) 
NA = Avogadro constant 
MAu = mole atomic weight of gold (196.9665 g mol
-1
) 
This is assuming that the AuNPs are spherical and that they are monodispersed. 
The total number of ligands (NL) can be calculated using the following formula: 
𝑁𝐿 =
𝑁𝐴𝑢𝑀𝐴𝑢𝑀𝑇𝐺𝐴𝑂𝑟𝑔
(1 − 𝑀𝑇𝐺𝐴𝑂𝑟𝑔)(𝑀𝑊1𝑛1 +  𝑀𝑊2𝑛2)
 
MWTGAOrg = organic percentage mass loss from TGA  
MW1 = molecular weight of ligand 1 (Me-EG3-S-) 
n1 = molar percentage of ligand 1 (Me-EG3-S-) 
MW2 = molecular weight of ligand 2 (Nitrone-EG4-S-) 
n2 = molar percentage of ligand 2 (Nitrone-EG4-S-) 
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Figure S‎5.8. TEM images of Nitrone-AuNPs (left) and F-isoxazoline AuNPs (right). 
 
 
Figure S‎5.9. UV-vis spectra of compound 6 (blue), Nitrone-AuNPs (dark red), F-isoxazoline 
AuNPs (green) 
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Figure S‎5.10. Rate plots for the strain-promoted cycloaddition reaction of BCN-5 with nitrone 6 
(top) and azide 7 (bottom). 
 
y = 0.1394x + 32.558
R² = 0.9928
0
100
200
300
400
500
600
700
0 1000 2000 3000 4000 5000
1
/[
A
]
Time (Sec)
y = 0.0164x + 37.449
R² = 0.9848
0
40
80
120
160
200
0 2000 4000 6000 8000
1
/[
A
]
Time (Sec)
   245 
 
 
Figure S‎5.11. HPLC and flow count for compound 10/ [18F] 10. HPLC condition: Sunfire RP-18 
analytical column: 4.6 × 250 mm, 5 μm; mobile phase: acetonitrile (solvent A)/H2O (solvent B) 
containing 0.1 % TFA; gradient: solvent A/B from 10/90 at 0 min to 90/10 at 10 min. flow rate: 
1.5 mL/min. UV detector: λmax=230 nm (red curve); radioactive detector (blue curve). 
 
Figure S‎5.12. HPLC and flow count for compound 13/ [18F] 13. HPLC condition: Sunfire RP-18 
analytical column: 4.6 × 250 mm, 5 μm; mobile phase: acetonitrile (solvent A)/H2O (solvent B) 
containing 0.1 % TFA; gradient: solvent A/B  from 10/90 at 0 min to 90/10 at 10 min. flow rate: 
1.5 mL/min. UV detector: λmax=230 nm (red curve); radioactive detector (blue curve). 
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Figure S‎5.13. High resolution XPS C 1s spectrum of SWCNT-AuNP.  
 
 
Figure S‎5.14. High resolution XPS O 1s spectrum of SWCNT-AuNP. 
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Figure S‎5.15. High resolution XPS N 1s spectrum of SWCNT-AuNP. 
 
 
Figure S‎5.16. High resolution XPS Au 4f spectrum of SWCNT-AuNP. 
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Figure S‎5.17. High resolution XPS S 1s spectrum of SWCNT-AuNP. 
 
 
Figure S‎5.18. IR spectra of A) SWCNT starting material and B) SWCNT-BCN. 
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Figure S‎5.19. TEM images of A) SWCNT–BCN, B) SWCNT-AuNP hybrid, C) control 
experiment (SWCNT-BCN + Me-EG3-AuNP), D) SWCNT-AuNP hybrid after 1 hour sonication 
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Chapter 6  
Contributions of the Studies 
 
Due to the ability that surface chemistry has in shaping the macroscopic world, 
surface modification techniques are being used in a variety of industries ranging from 
electronics to biomedical. To design target materials for a specific application with 
control over their chemical and physical properties, general surface modification methods 
need to be developed. Surface modification strategies can be classified into two main 
categories: physical and chemical approaches. The use of irreversible chemical bonds to 
modify the surface of metals, semiconductors, carbon, and other materials produces 
stable modifying layers and has been growing in popularity in recent years. Based on the 
existing surface properties of different substrates and nanomaterials, a variety of reactive 
functional groups can be designed to react with the starting substrates. With the exposed 
reactive terminal groups on the surface, further chemical reactions can be utilized to 
assemble different materials so that a novel target material can be constructed. The 
investigations presented in this dissertation have focused on how photochemically and 
thermally reactive moieties at the interface can be utilized to further modify the surface of 
various substrates including cotton, paper, gold nanoparticles (AuNPs) and carbon 
nanotubes (CNTs). 
The initial focus of this research was on developing new photochemical strategies 
for material surface modification. It has been previously demonstrated by our group that 
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diazirines can be used as a tether to prepare a range of hybrid materials.
1-4
 In chapter 2, 
we examined the feasibility of this photochemical approach to prepare hydrophobic 
surfaces. Inspired by nature, scientists have developed artificial hydrophobic surfaces by 
tailoring the surface topography of materials. These surfaces have found applications in a 
variety of settings, including micro fluidic or biomedical devices, and self-cleaning 
surfaces.
5-8
 Given that surface modification with low surface energy materials,
9-12
 such as 
fluorine containing compounds would render them hydrophobic, highly fluorinated 
phosphonium slats (HFPS) were employed to prepare hydrophobic surfaces on cotton and 
paper substrates. 3-Aryl-3-(trifluormethyl) diazirine functionalized HFPSs were 
synthesized, characterized and utilized as photoinduced carbene precursors for covalent 
attachment of the HFPS onto cotton/paper to impart hydrophobicity to these surfaces. We 
showed that irradiation of cotton and paper treated with the diazirine-HFPS leads to 
robust hydrophobic cotton and paper surfaces with anti-wetting properties. The contact 
angles of water were estimated to be 139° and 137° for cotton and paper, respectively. In 
contrast water placed on the untreated or the control samples (those treated with the 
diazirine-HFPS but not irradiated), was simply absorbed into the surface. Additionally 
the chemically grafted hydrophobic coating showed high durability towards wash cycles 
and sonication in organic solvents. Because of the mode of activation to covalently tether 
the hydrophobic coating, it is amenable to photo-patterning, which was demonstrated 
macroscopically. Due to the reactivity of carbene intermediate towards various 
functionalities, this methodology can be used to form robust hydrophobic coatings on a 
host of materials including glass, CNT, graphene, diamond, other fabrics to name a few. 
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Functionalization of AuNPs is a key challenge given the broad range of their 
applications in biology, nanomedicine, optics and catalysis.
13-15
 Because many of these 
applications are correlated with the nature of the protecting ligand attached to the gold 
core, developing techniques to prepare nanoparticles with specific functionalities, directly 
or by carrying out chemical reactions on the protecting shells, is necessary. Among the 
various approaches for the synthesis of AuNPs with the desired functionality, interfacial 
reactions of AuNPs have attracted much interest due to their effectiveness and simplicity. 
Another key factor affecting the utility of AuNPs is their solubility. Despite all their 
advantages, the solubility of the commonly used alkane thiolate modified AuNPs is 
limited to a narrow range of organic solvents. The lack of solubility in water or other 
polar solvents limits their application for modification to materials that are soluble or 
dispersible in the same solvent medium. Ethylene glycol thioalkylated AuNPs have 
shown great promise for the synthesis of robust water soluble AuNPs.
16
 We have 
developed a straightforward procedure for the synthesis of small (< 3 nm) water soluble 
AuNPs through thiol exchange reactions, using triethylene glycol monomethyl ether 
functionalized AuNPs as the building blocks. Such AuNPs have the added benefit of 
remaining soluble in a range of organic solvents as well. Furthermore, we demonstrated 
that having a moiety at the gold interface, which can be thermally or photochemically 
activated, could be exploited to further modify AuNPs through the subsequent interfacial 
reaction (chapter 3-5). 
It has been previously shown that utilizing AuNPs as macromolecular-type reagents 
and carrying out organic reactions on the surface monolayer containing suitable terminal 
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groups is a promising strategy to introduce new functionality. However, the need to 
perform reactions on AuNPs under relatively mild and low temperature conditions limits 
the types of thermal reactions that can be performed efficiently and quantitatively in these 
systems. In that respect, incorporating photo-reactive groups onto the AuNP surface 
offers flexibility in design and synthesis of nanoparticles in a way that tailor-made 
materials with vastly different physical properties are accessible in rather a short time and 
under mild conditions. In chapter 3, dual water and organic solvent soluble 3-Aryl-3-
(trifluormethyl) diazirine functionalized AuNPs were prepared through a place exchange 
reaction from triethylene glycol monomethyl ether capped AuNPs. These nanoparticles 
were fully characterized using 
1
H and 
19
F NMR spectroscopy, TEM, TGA and XPS. 
Irradiation of the diazirine capped AuNPs results in nitrogen extrusion and the formation 
of a highly reactive carbene that can be utilized to tether the attached AuNPs via insertion 
into C=C or O-H functionality inherent on various substrates. We demonstrated that 
photolysis of the diazirine modified AuNPs in the presence of a variety of model carbene 
scavengers lead to clean and efficient insertion products while maintaining their 
solubility in polar solvents. We further studied the efficacy of this approach to prepare 
glyconanoparticles by irradiating the diazirine modified AuNPs in presence of 
carbohydrates (e.g. mannose). These results indicate that one can construct mannose 
capped AuNPs through photochemical reaction of diazirine, although with only moderate 
efficiency. This is expected for the photochemical reaction of diazirine in aqueous media, 
due to the unspecific reaction of the highly reactive carbene with surrounding solvent (i. 
e. water) molecules. However, we believe that this methodology can still be useful for 
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immobilization of AuNPs on biomolecules as well as other materials under mild 
conditions in wide range of solvents. 
Even though diazirine proved to be a very useful tether for surface modification, 
because of the high reactivity of the carbene there is no control over the reaction once the 
carbene is generated upon irradiation of diazirine. In pursuit of alternate approaches that 
offer more selectivity, we examined the usefulness of “click-type” reactions for AuNP 
surface modification as they offer selectivity as well as high efficiency under mild 
reaction conditions.  
The maleimide functional group has great potential because it is a small, 
symmetrical, stable and biocompatible molecule that can be easily functionalized thanks 
to its nucleophilic nitrogen forming the corresponding N-substituted derivatives. In 
addition, maleimide can undergo a plethora of “click-type” reactions: Michael addition, 
1,3-dipolar cycloaddition, and Diels-Alder. These three reactions are desirable because 
they form stable reaction products under mild reaction conditions and are compatible 
with water media. Hence, incorporating maleimide group onto the surface of AuNPs will 
result in a reactive template that can be utilized in Michael addition, Diels Alder and 1,3-
dipolar cycloaddition reactions. In chapter 4, we described our efforts towards the 
synthesis of water soluble maleimide modified AuNPs and their modification of through 
interfacial cycloaddition reactions. Maleimide terminated triethylene glycol thiolate 
monolayer-protected AuNPs with a core size of 2.5 ± 0.7 nm were prepared. As 
discussed in chapter four, maleimide is highly reactive towards nucleophiles and 
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especially thiols, therefore maleimide functionalized AuNPs cannot be prepared directly. 
Incorporation of the maleimide functional group onto the AuNP surface was achieved 
through a protection/deprotection procedure.
17
 They were then modified in high yields 
via 1,3-dipolar cycloaddition and Diels Alder reactions using a variety of nitrones and 
dienes respectively. The resulting cycloadduct modified AuNPs were characterized using 
1
H NMR spectroscopy and were verified by comparison of the spectra to those obtained 
for the products of the model reactions with the same nitrones and dienes. TEM analysis 
showed that the reaction conditions did not affect the shape or size of the gold core, 
suggesting that this is an efficient methodology to modify small water soluble AuNPs 
under ambient pressure and temperature with high yields and a reasonable reaction time. 
Our results demonstrate the high potential of these nanoparticles as a platform for 
cycloaddition reactions with any substrate bearing a diene or nitrone functionality. Due to 
the AuNPs solubility in both water and a host of organic solvents, the application of these 
particles is not limited to a narrow range of solvents. 
In continuation of our previous studies and in pursuit of efficient AuNP 
modification strategy that offers faster kinetics, we examined the utility of strain-
promoted alkyne-nitrone cycloaddition (SPANC) reactions for such purposes.  Strain-
promoted cycloaddition reactions are powerful techniques due to their rapid kinetics, 
chemoselectivity and biocompatibility.
18
 Therefore, they can serve as an ideal strategy for 
surface modification of AuNPs in order to construct AuNP-conjugates for in vivo 
applications or for preparation of hybrid materials. In chapter 5, we prepared novel and 
versatile water- and organic solvent-soluble nitrone modified AuNPs. These 
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nanoparticles were then characterized using 
1
H NMR and UV-vis spectroscopy, TEM, 
TGA, and XPS. To showcase their efficacy in biorthogonal SPANC reactions, their 
reactivity towards model compounds bearing bicyclononyne (BCN) moieties was studied. 
Quantitative conversion of Nitrone-AuNPs to the cycloadduct products was obsereved in 
a matter of minutes. Considering that SPANC offers fast kinetics, it can serve as a 
suitable strategy in radiopharmaceuticals. In chapter five, we demonstrated for the first 
time that utilizing Interfacial SPANC (i-SPANC) as a novel and efficient conjugation 
method on AuNPs, 
18
F radiolabeled AuNPs can be prepared for potential PET imaging 
applications.  Given that nanoparticles allow multivalent attachment of various ligands, a 
major future application of the above approach is to use nanoparticle platforms for 
targeted molecular imaging.  
The desirable characteristics of SPANC reactions not only make this reaction 
highly useful in biochemistry, but also provide invaluable opportunities in designing new 
materials through interfacial reactions. To present the usefulness of SPANC strategy to 
construct hybrid nanomaterials, we prepared cycloalkyne modified CNTs. It was 
demonstrated how CNT-AuNP hybrid material can be prepared by simply mixing the 
CNT and nirone AuNPs through the interfacial SPANC (i-SPANC) reaction. 
Overall throughout this thesis, new thermal and photochemical reactions were 
described which can be utilized to efficiently and quantitatively modify surface of 
materials including: cotton, paper, AuNPs and CNTs under mild conditions. 
Photochemical reactions included carbene generation on the monolayer of AuNPs using 
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irradiation of diazirine precursors. Click-type reactions including Diels Alder, 1,3-dipolar 
cycloaddition and SPANC reactions were also employed to modify the surface of water 
soluble AuNPs as well as in preparation of CNT-AuNP hybrid nanomaterials. 
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